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An artist's impression of the electronic 
analogue computer at the G.E.C.—Simon-Carves 
Atomic Energy Group, Erith, by means of 
which the performance of any part of a 
nuclear power station can be simulated. This 
is the largest and most advanced computer of 
its type in the country to be used exclusively 
for nuclear power studies and has been designed 
to allow investigations of new types of reactor as 
development proceeds. An unique feature of the 
computer is that it can be used as one large 
machine or as two completely independent smaller 
machines, so that in many cases two entirely sep- 
arate problems can be examined simultaneously. 
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Simulators—Some Applications 
in Industry 


By PEGGY L. HODGES, sa. 
Applied Electronics Laboratories. 


SIMULATOR is a 

device which enables 

an analogue of a com- 
plete problem to be set up in 
the laboratory—it is some- 
times referred to as an ana- 
logue computer. It provides 
a means of obtaining detailed 
design information for a com- 
plex system before the actual 
construction takes place. A 
system being simulated can 
be any one of a large number 
of different types : electrical, 
mechanical, aerodynamic or 
nuclear ; and the design resulting from the simulator 
records may take into account factors, such as noise, 
extraneous to the original system. In the type of 
simulator considered in this article each variable 
throughout the system is represented by a voltage and 
thus the behaviour of any particular variable under a 
given set of circumstances can be discovered and 
recorded in the laboratory. Other types of simulation 
which are not discussed here include the electrolytic 
tank and the mechanical simulator. 

When faced with the design of any complex system 
it is essential to reduce the performance, where 
possible, to mathematical terms even if some simpli- 
fication is necessary. This mathematical expression 
of system performance is in the form of a number of 
differential equations or transfer functions relating 
the behaviour of one variable to that of one or more 
others. In many cases these relationships are linear 
and the overall performance may be found by straight- 
forward mathematical solution, however tedious. 
Where the relationship between variables is non- 
linear, mathematical solution is often extremely 
laborious and difficult ; in certain cases it may be 
impossible to find any simple mathematical equivalent 
at all. 

A simulator offers a most satisfactory solution ; in 
the case of linear and non-linear mathematical expres- 
sions it considerably reduces the quantity of tedious 
work and, where there is no mathematical equivalent, 
it provides the only possible solution by introducing 
actual pieces of equipment into the simulator. In 
both the linear and non-linear cases the labour of long 


Simulators have proved a most satisfactory 
means of solving mathematical expressions 
of system performance whether the relation- 
ship between variables is linear or non- 
linear. Examples are given of their applica- 
tion to guided missile development and the 
basic principles involved in the conversion 
of mathematical equations into electrical 
equivalents are described. 
are extremely small and economy of both 
time and money is achieved by the possibility 
of investigating several approaches before 
deciding on a final basic design. 


mathematical calculations may 
be overcome by the use of a 
digital computer, but it is not 
usually possible to obtain 
results from digital computa- 
tion in real time, and there- 
fore it is not possible to 
include actual equipment in 
the computation when digital 
methods are used. 


Operating costs 


SIMULATOR PRINCIPLES. 

In the simulator the vari- 
ables in the original problem 
are converted into equivalent 
voltages and the differential equations or transfer 
function relationships are then solved by the 
use of an electrical or electro-mechanical analogue 
of the original system. Non-linear functions 
such as trigonometrical functions, limits and 
noise can be included electronically, and the 
whole system replaced by a series of operational 
amplifiers, passive networks and electro-mechanical 
devices. It is now possible to discover the behaviour 
of any variable in response to a given input to the 
system. The effect of changes in the value of any 
parameter on the system performance may be obtained 
by successive operations, the parameter value being 
changed by the turn of a switch. 

The simulator may operate on a real time scale ; 
this is essential if actual units from the system being 
designed are to be included in the loop. Alternatively, 
the time scale may be changed so that the simulator 
solution takes place in a very much shorter time 
than that occurring in practice ; the results can then 
be produced in a repetitive manner, a method which 
is sometimes more convenient for recording purposes, 
especially where the period of the problem concerned 
is rather long. 

The advantages gained in simulating a problem are 
greatest when the system considered is very complex ; 
particularly when details of the system performance 
are not readily obtainable from the actual equipment 
when it has been constructed. Examples of systems 
of this type include an aircraft, a guided missile and 
a large industrial plant which is automatically con- 
trolled. 
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STLDYING GLIDED MISSILE PERFORMANCE. 

In the field of guided missiles simulators are ex- 
tremely useful, not only in obtaining the best para- 
meters to use in the initial design, but also in finding 
out a great deal of information concerning the missile 
performance during flight. Guided missiles are 
very expensive to make and trials are laborious 
and costly : with the aid of a simulator it is possible 
to carry out a large number of effective tnals in the 
laboratory in a very short time. The simulator will 
also enable the effects of special flight conditions, for 
example buffeting, to be determined and, if necessary, 
the original design may then be modified. These 
special conditions may be found by firing a missile 





Fig. |.—An aerial system which forms part of an electro- 
mechanical guidance equipment 


and telemetering some of the variables during flight. 
The results of the trial are then set into the simulator 
and the “optimisation”’ of the original design under the 
new conditions is carried out in the laboratory. Thus, 
with a simulator and the results of a small number of 
firings, the time, labour and expense of a large number 
of firings can be saved. 

It may be appreciated that the assessment of the 
overall performance of a guided mussile is a highly 
complex problem, and it is usual when carrying out 
any mathematical calculations to consider, in the first 
instance, the missile’s behaviour in only one plane in 
space However, the actual performance cannot 
strictly be analysed by treating it as the combination 
of the independent motions in each of the two planes. 
There 1s considerable interference between variables in 
each plane : this is known as cross-coupling. The 
mathematics involved when cross-coupling is con- 
sidered is very complicated, whereas if two simulators 
are built—one to represent the behaviour in each 
plane—the effects of cross-coupling can easily be 
shown by interconnections between the two. 
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The overall performance of the missile must be 
studied from several points of view. The missile 
contains an electro-mechanical system which produces 
guidance signals whose values depend on the relative 
positions of target and missile in space ; part of such 
a system is illustrated in fig. 1. These guidance signals 
are then used to actuate the missile control surfaces 
and cause the missile to fly towards the target. 

The information required from the simulator must 
answer three questions. First, is the electro-mechani- 
cal system providing the correct guidance signals ? 
Secondly, do the control surfaces respond in the 
required way to these guidance signals ?—this often 
involves the simulation of a hydraulic problem. 
Thirdly, will the aerodynamic properties of the missile 
be such that when it is fired it will fly towards its 
target? In the initial simulation of this problem 
each one of these three questions is treated separately 
and the parameters optimised for each part. It will 
be appreciated that each one represents a closed loop 
problem, where there is feed-back from the output to 
the input. The three parts, designed to give the best 
response obtainable, are then joined together and the 
overall performance of the complete missile is studied. 
This again is a feed-back problem, as the direction in 
which the mussile flies in space will affect the relative 
positions of target and missile, and, therefore, the input 
to the guidance system. 

When the design of the overall system has been 
completed and the missile’s performance under 
idealised conditions is satisfactory, actual conditions 
experienced during flight, such as those which give 
rise to a noisy input signal, are added into the simulator 
and the performance again checked. 


A TYPICAL PROBLEM. 

The technique used by an engineer who proposes to 
solve a given problem by means of a simulator is 
illustrated in the following example. 

The aerodynamic performance of a missile in one 
plane may be represented by three differential equa- 
tions, the first two equating the forces and moments 
acting on the missile and the third being the equation 
of motion. Considering the motion in yaw only 
and referring to fig. 2 for the definitions of the symbols, 
these equations may be written as 


Forces... .. Y=Y,0+Y4r+Y¥rl 
Moments ... .. N=N,v+N,r- No 
‘ Y dv 
Equation of motion —=—-+ru 
m dt 
where Y mo m being the mass of the missile 
end N=-C”” C being the moment of inertia 
ae Co about the yaw axis. 


The block diagram required for solving these equations 
is then laid out as shown in fig. 3, the equation of 
motion being rewritten in the form 

dv d*y 

dt dt* 
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Fig. 2.—Definition of symbols used in the aerodynamic equations. 


The variables are converted into volts by appro- 
priate scale factors, bearing in mind the maximum 
value which each variable is likely to attain, and then 
each block can be replaced by operational amplifiers 
with suitable computing elements. In practice the 
values of N, etc. and Y, etc. depend on the missile 
forward velocity u; and the multiplication factors 
on the inputs into the amplifiers marked A and B 
in fig. 3 will then be controlled by the value of wu 
at any instant. 

It will be appreciated that 
the mathematical solution of 
the problem given here does 
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Fig. 4.—Missile lateral acceleration in response to a step change 
in rudder direction for various values of Yy (photographed from a 
cathode-ray tube). 


suddenly moved through an angle ¢{ causing the missile 


. a*y 
to turn with a lateral acceleration qe ; the blanks on 


the trace denote l-second time markers. 


CONSTRUCTION OF SIMULATORS. 


An example of a fairly large simulator is illustrated 
in fig. 5; the complete equipment contains 200 





not give rise to great difh- 
culty, but the system has 
been kept simple for the 
purpose of demonstration. 
Even with this simple prob- 
lem, it is possible to show the 
effect on the performance of 
the missile of changes in the 
value of any of the co- 
efficients, and of any variation 











in the forward velocity with 
time. This can be done with 
great speed and saves long 
calculations. An example of 
the variation in the mussile 
lateral acceleration for dif- 
ferent values of the rudder 
lift coefficient Yr is shown in 


fig. 4. The input to the loop 
was a step of rudder angle ¢; 
that is to say, the rudder was 























Fig. 3.—Block diagram of simulator set-up used to solve aerodynamic equations in yaw. 
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Fig. 5.—The complete simulator. 


direct-coupled, or operational, amplifiers as well as 
the necessary power supplies and a console used for 
operating the simulator and monitoring the results. 
The amplifiers and the associated computing compo- 
nents are contained in the rack on the mght. The 
amplifiers are mounted on plates which push into 
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connecting sockets in the rack, and the computing 
components, determining the problem parameters 
which are to remain constant, are fixed to plates which 
plug into the rear of the rack. Interconnections 
between the amplifiers are made via sockets on the 
computing plates. A view of the rear of the rack 
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Fig. 6.—The rear of the amplifier rock, showing the computing pilates and interconnections between amplifiers. 
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Fig. 7.—The simulator operating console. 


with the computing plates is seen in fig.6. The power 
supplies for the amplifiers are housed in the cabinet 
on the left of the equipment. 

The simulator is controlled from the console (fig. 
7) which, together with the adjoining cabinet, contains 
units used to set up the input information of the 
problem, and also units required to monitor the 
results. These units provide the facilities for setting 
in initial values of the variables and for supplying the 
voltages required to drive the system. There is also a 
rack containing resistances and condensers in decades, 
which may be used to set in the value of the parameter 
under investigation. 

The equipment available for monitoring results 
consists of meters registering the values at a given 
instant of any of the variables; also cathode ray 
display units and a pen recorder for continuous 
recording of the behaviour of any of the variables. 
Permanent records of the system performance may be 
obtained, either from the pen recorder or by using a 
camera in conjunction with the cathode ray display 
unit. Examples of each of these two methods of making 
permanent records are shown in fig. 4 and 8. Those 
taken from the cathode ray tube display (fig. 4) show 
the outputs from the aerodynamic loop discussed 
earlier. The amplifier which determines the value of 
the rudder lift coefficient has been connected to the 
decade resistance box and this parameter has then 
been set at different values for each record. 

The pen recorder results (fig. 8) show the output 
from a simple second order servo loop, the character- 
istics of which have been changed by taking different 
values of the loop parameters. These simple examples 
illustrate the method of optimisation of parameters 
by repeated recording of the output of the problem 
with the given parameter set at various values. 


The most important unit 
in a simulator of this type 
is the direct-coupled ampli- 
fier, which must have a 
high gain and very low drift 
with time ; a typical amplifier 
is shown in fig. 10. With an 
amplifier of this type it is 
possible to construct units 
which perform a number of 
simple mathematical opera- 
tions by adding the resist- 
ances and condensers in the 
appropriate way. A _ few 
examples are shown in fig. 9, 
in which the amplifiers are 
denoted by the conventional 
symbol ™>. 


FUNCTION GENERATORS. 

y Non-linear functions may 

f be generated in a number of 
7. ways: one method is to 
break up the required curve 
into a series of straight lines, 
and then change the effective 
input resistance, and hence the slope of output voltage 
against input voltage, according to the amplitude of 
the input signal. This is done by using a number 
of diodes in parallel, with different bias voltages 
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Fig. 8.—The output from a second order servo loop with various 
characteristics (taken from a pen recorder). 
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applied to cach, and a fixed resistance in series with 
each diode. An alternative method uses a non-linear 
resistance clement which has an applied voltage-to- 
current relauonship following a high power law. This 
law can then be modified to the required curve by the 
addition of suitable resistances. The basic circuit 
diagrams of both these methods for generating non- 
lincar functions are shown in fig. 11. 

One of the commonest uses of either of these types 
of function generators is to obtain the square of a 
voltage by generating a square law curve, and an 
example of the use of a squarer is given later in the 
paragraph on multipliers. 
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More complex curves can be generated by the use 
of a cathode ray tube type function generator. In 
this case a mask is made to the exact shape of the 
required curve and fitted over the cathode ray tube. 
The light from the spot on the tube is monitored by a 
photo-electric cell, the output of which is fed back 
through an amplifier on to the Y plates of the tube. 
Thus, as the spot moves across the tube for a given 
input voltage on the X plates, the voltage feed-back 
from the photo-electric cell depends on the position of 
the spot with respect to the mask. If the spot is above 
the mask, the voltage feed-back moves it down towards 
the mask and, if the spot falls below the opaque mask, 

















































































































FUNCTION CIRCUIT EQUATION REMARKS 
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Fig. 9.—Examples of simple mothematical operations achieved 
with on amplifier together with resistances and condensers. 
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Fig. 10.—An operational amplifier. 


the lack of feed-back voltage causes the spot to move 
upwards. With the closed loop on the Y plates the 
spot therefore follows the edge of the mask and in 
consequence the desired curve. The Y voltage, which 
is the output from the function generator, then bears 
the required relationship to the X voltage, which is the 
input to the unit. 


MULTIPLICATION OF VARIABLES. 


One of the more complicated operations 
performed on a simulator is the multiplication 
of two variables. This may be done in a variety 
of ways, both electronic and electro-mechanical, 
and an example of one method in each of these 
two cases is given here. An electronic method, 


INPUT 


or feed-back, winding has a constant 
voltage across it and the output 
from the wiper is fed back to an am- 
plifier where it is differenced with the 
other input voltage y. The difference 
between y and the feed-back voltage, 
the error signal, is then used to 
operate the motor. Thus the motor 
will continue to drive the potentio- 
meter until the wipers are in such a 
position that the feed-back voltage is 
equal to the input voltage y. The 
output from the second potentiometer 
is then equal to the product xy. The 
circuit diagrams of both these multi- 
pliers are shown in fig. 12 and an 
electro-mechanical multiplier is illus- 
trated in fig. 13. 


SOLVING A PROBLEM. 


Once a given problem is reduced 
to its equivalent block diagram, as 
discussed earlier, the blocks can 

then be replaced by the required amplifiers, servo 
units and function generators. The values of the 
computing components may be calculated according 
to the parameters to be set into the given equations, 
and the interconnections made between the amplifiers 
as required by the particular block diagram under 
investigation. 

The accuracy of the results obtained from the 
simulator depends on the design of the amplifiers 
used, and on the accuracy of the computing com- 
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known as the quarter squares method, 1s based VOLTS 


on the simple equation 
(x+-y)®—(x—y)*=4xy 

(x+y) and (x—y) are first obtained by adding 
and subtracting the original variables. The 
squares of these new variables are then found 
by using a square law function generator as 
described above, and the resultant voltages 
differenced and scaled to obtain the required 
product. 

One eiectro-mechanical method available 
operates by putting the voltage representing 
one variable x across a potentiometer and then 
positioning a wiper of the potentiometer 
according to the other variable y. This is 
achieved by driving the potentiometer from a 
motor operated by the error signal of a position 
servo. The potentiometer has two windings ; 
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the variable voltage x is set across one 
winding and the output product taken from 
the wiper of that winding. he second, 





Fig. 1|.—-Non-linear function generators. 
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some of which are useful from the 
point of view of manufacture and 
others from that of safety. In 
connection with safety factors the 
simulation of a problem presents 
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on ee See xy! | a major advantage: if incorrect 
4 - ~ JuARe design information is used in the 
as construction of a project such as a 


nuclear reactor, the consequences 
may be disastrous. If, however, the 
incorrect information is set into the 
problem on the simulator the mistake 
can quickly be realised and corrected 
with no more serious outcome than 
the recording of a number of useless 
results. 


(a) 








< 
< 
) ie: CONCLUSIONS. 
2 ee ce It can be seen that once the basic 
Be Sandee, eae | | Fin. elements of a simulator—the amplifiers, 
| power supplies and monitoring equip- 
ment—have been constructed, the 
engineer has a tool which may be 
Fig. 12.——Circuits of an electronic (a) and an electro-mechanical (b) multiplier. used to solve a vast number of 
problems ; and when the construction 
of such a project as a power station, 





ponents and monitoring equipment. It is possible a guided mussile or an atomic pile is contemplated, it 
with reasonable care to build a simulator which will IS easy to appreciate the enormous advantages to be 
solve complex problems with an accuracy of better gained by having a simulator available in the 
than | per cent. The operating costs of the simulator laboratory, where the initial design work may be 
are extremely small and the speed with which results carried out with economy of both time and money. 


may be obtained 1s such that 
it 18 possible to investigate 
several different approaches 
to a given problem before 
deciding on the final basic 
design to be used. Whena 
given problem is set up on 
a simulator any of the vari- 
ables throughout the system 
may be monitored. This 
gives the engineer informa- 
uon which 1s not always 
available when a complete 
equipment 1s constructed, as 
the instrumentation 1s such 
that it 1s often impracticable 
to obtain these detauls. 

The simulator may be 
used not only for the purpose 
of optimisation of parameters 
in a given problem, but also 
to discover the permissible 
tolerances on the parameters, Fig. | 3.—An electro-mechanical multiplier. 
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Bulk Shielding of Nuclear Reactors 


By H. RICHARDSON, M.:se., D.L.c., ARCS. 
G.E.C.—Simon-Carves Atomic Energy Group. 


HE three __s principal 
types of radioactive 
emanation produced in 

the operation of a nuclear 
reactor are electrically- 
charged particles, neutrons 
and gamma rays. All, in 
varying degree, are harmful 
to man, but charged particles 
are readily stopped by thin 
layers of material, and so the 
main shielding problems are 
presented by the penetrating 
radiations — neutrons and 
gamma-rays. The properties 
of these radiations and their 
interactions with matter underlie all shield design and, 
therefore, will later be considered in some detail. 

Reactor shielding problems may be divided into two 
broad categories. First, the biological hazard, which 
includes : 

(1) the calculation for the bulk reactor shield to 
yield an external radiation dose below the 
maximum permissible level. 

(2) Consideration of the ducts in the shield. 
Numerous ducts occur for such purposes as 
coolant entry and exit, control rod removal, 
charge and discharge ports, viewing windows, 
and maintenance access. These holes must be 
carefully placed to reduce radiation to the 
desired level at exit, and if necessary must be 
plugged with stepped plugs. 

(a) Arrangements for the safe removal and storage 
of highly active irradiated fuel elements. 

(wv) The handling and shielding of reactor com- 
ponents which may have become dangerously 
active during their sojourn in the pile. 

(v) Precautions against the ingestion of active gas 
and dust such as irradiated coolant gas or 
active graphite dust. 

The second consideration is the effect of the pile 
radiation on the reactor materials. The properties of 
most substances alter under irradiation. Plastics and 
organic materials are particularly susceptible and have 
short lives in a reactor. Glass rapidly deteriorates 
unless stabilised ; and, in time, even steel undergoes 
changes in properties. 

These alterations of properties may cause damage in a 


briefly. 


After considering types of radiation from a 
nuclear reactor and their effects, both bio- 
logical and on materials, this article de- 
scribes the characteristics of a typical shield 
for the type of large graphite-moderated, 
gas-cooled, natural uranium reactor devel- of 15510” of thermal 
oped for the joint production of power and 
plutonium. Shielding practice using materials 
other than steel and concrete is reviewed 
The mode of approach to shield 
design calculations must vary according to 
the characteristics of different materials, 
and the author alludes to the wide scope for 
further experimental and theoretical in- 
vestigation in this respect. 


number of ways. For 
example, at 25 deg. C., the 
thermal conductivity of 
graphite may alter by a factor 
of 16 after an irradiation 


neutrons' and gross over- 
heating may occur. 

In addition to this, the non- 
linear temperature profiles 
caused by nuclear radiation 
heating may cause stress 
damage in the shield. The 
interior face of a concrete 
shield is an especial danger 
region for this damage and 
calculations are required to determine whether the 
concrete face should be protected by a thermal shield. 

It will not be possible to discuss all these aspects in a 
limited space. Having mentioned the various problems, 
therefore, attention will be concentrated on the basic 
problem of the nature of the radiation and the efficacy 
of the conventional iron-concrete type of bulk shield. 


MEASURES OF RADIATION. 


The target presented by a nucleus to a neutron for a 
given reaction is called its ‘ microscopic cross-section ’ 
and is measured in square centimetres, a more con- 
venient unit being the ‘ barn’, equal to 10 “cm.?. 
The associated unit of neutron intensity is the ‘ flux’. 
This is defined as the total neutron path length per 
cubic centimetre per second. Thus if a nucleus is 
present in a flux ¢, and the microscopic cross-section 
for a reaction r is o,, then the chance/second of this 
reaction occurring is o,¢. If there are N similar 
nuclei per c.c., then the number of instances/c.c. 
second of the reaction r is (No,) ¢. The quantity 
(No) is called the ‘ macroscopic cross-section’ and 
is denoted by 2. The product 2,¢ is called the 
‘ reaction rate’ for the reaction r. An equivalent defi- 
nition of the neutron flux is the number of neutrons 
crossing a sphere of unit cross-section per second. 

The net flow of neutrons is called the neutron cur- 
rent and is proportional to and parallel to the flux 
gradient. The constant of proportionality is the dif- 
fusion coefficient of the medium. 

A gamma-ray flux and current may be similarly 
defined. A useful unit of y-ray dose is the roentgen. 
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One roentgen is defined as that quantity of y-radiation 
which releases by ionisation | e.s.u. of charge of 
either sign in | c.c. of dry air at N.T.P. 

The y-ray dosage rate may be expressed in roentgen 
hour, the conversion from flux to roentgen hour being 
shown in fig. |. 

The order of energy involved is higher than that 
usually occurring in radiological applications. The 
neutron and y-ray energies range from 10 MeV 
downwards, where 1 MeV is equivalent to 1-6» 10° * 
ergs. Thus a current of 10'° of 7 MeV photons 
cm.* sec. represents a flow of energy of 1-12 « 10° 
ergs cm.* sec. or 11-2 mulliwatts cm.*. 


MAXIMUM PERMISSIBLE LEVELS 


The International Commission on Radiological 
Protection has made recommendations for the maxi- 
mum permissible radiation levels, the results of which 
are summarised in Appendix E of its report.’ 

The maximum fluxes for neutrons are shown in 
Table |. For whole-body irradiation the critical dan- 
ger 1s Cataract formation. 

For gamma-rays of all energies, the dose should not 
exceed 0:3 roentgen per week. Based on a forty-hour 
working week, the dosage in any region should not 
exceed 7:5 mulliroentgen hour. From gamma radia- 
tion, the critical danger is to the blood-forming 
organs. 

A graphic picture of the probable effects of acute 
radiation doses is given in Table 2. A heavily-irrad- 
iated natural uranium fuel element, immediately upon 
removal from the pile, may yield a dose of 6,000 
r hr. at five feet. 


CG; AMMA-RADIATION 

Gamma-radiation is high-energy electromagnetic 
radiation. It is emitted in discrete packets or ‘ quanta ’ 
in most nuclear processes, carrying with it any energy 
balance between the initial and final particle confi- 
gurations. A packet, or photon, has certain particle 


TABLE 1. 
NEUTRON FLUXES CORRESPONDING TO THE 
MAXIMUM PERMISSIBLE LEVEL FOR VARIOUS 
NEUTRON ENERGIES. 











Neutron Ff nergy Neutron flux n cm.’ sec. 

"0-025 eV (Thermal) 2000 
lOeV 2000 
10 keV 1000 
Ol MeV 200 
O05 MeV 80 

| MeV 60 | 

2 MeV 40 | 
10 MeV ~ 
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Fig. |.—Graph for conversion to roentgen hr. from gamma-ray 
flux. 


properties in addition to its wave properties, notably 
momentum. 

A y-ray may lose energy in three principal ways in 

its passage through matter : 

(a) By the photo-electric effect, where the y-ray 
expels electrons from atoms, supplying both the 
binding energy and the kinetic energy of the 
expelled electron at its own expense. This 
effect is important below | MeV. 

(6) By pair production. The interaction between a 
y-ray and the electric field of a charged particle, 


TABLE 2. 


PROBABLE EARLY EFFECTS OF ACUTE RADIATION 
EXPOSURES OVER WHOLE BODY. 





months. 


Acute Dose Probable E ffect 





Oto 25r No detectable clinical effect. 


25t0 5Or Possible blood changes but no other 
clinically detectable effects. 

50 to 100 r Nausea and fatigue, blood cell 
changes, and some injury, but no 
disability. 

100 to 200 r Nausea, vomiting, fatigue and re- 
duced vitality ; depression of nearly 
all blood elements. (Recovery in 
nearly all cases within 3 to 6 








200 to 400 r Same as above, with immediate | 
disability ; some deaths within 2 | 
to 6 months. 


400 r Fatal to 50 per cent. 


600 r or more Fatal to nearly all within 2 weeks. 
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& 
usually a nucleus, may cause the y-ray sea . 4 - ae 7 
to disappear and a position-electron pair - OE | OG MBE ME a Re | 7 1 
to be created. The energy of the y-ray ‘ee NR EE OE Rall pj} 
supplies the mass and kinetic energy of s} i ees See eee 
the pair. The threshold for this process is } meee bud eeee 
above 1 MeV and the cross-section for | | ee 
the effect only becomes appreciable r | re rt ITT 
above about 3-4 MeV. | | | ' 
(c) By the Compton effect. This is a _ | gee ITT 
collision between an electron and a a | 
y-ray with consequent scattering and € | 
energy loss of the y-ray. The scattering a 1 INI oS fe 
has a strong maximum in the forward nN oe rTTN ee Oe | oe 
direction. The Compton effect is the O7} mre H+ 
dominant one for the y-ray energies se | i Gar 
involved in radiation shielding. sie i eae WR — == eee 
The photo-electric and pair production effects ai MN IED AER BS pacoucTION | T 
may be regarded as absorption processes and the er brats tore wn oe EEE =v. aan 
Compton effect as largely a scattering effect | | | 
with some absorption due to the y-ray energy _ kool ; 1 | 
loss in the collision. The y-ray macroscopic 
cross-sections for lead are shown in fig. 2. 
For practical purposes it is convenient to 
define two attenuation coefficients for y-rays "ol 02 03 04 050678910 2 3 4 5678910 
in material. First, an energy absorption GAMMA RAY ENERGY Mev 
coefficient », such that if ¢ is a y-ray flux ai ian sicaiaaahia 
of photons of energy E at a point, then the ig, fif,iGamma-ay macroscopic cross-section for lead. 


energy absorbed by the medium per cubic 
centimetre per second at that point is Eu,¢ 

MeV c.c./sec. Second, a total absorption 
coefficient « which includes all effects, absorption and 
scattering, such that »@ is the number of photons 
removed from the primary beam per cubic centimetre 
per second at the point where the y-ray flux is 4. 
A comprehensive survey of y-ray absorption coeffic- 
ients has been tabulated by Davisson and Evans.‘ 
The total and energy absorption coefficients for 
graphite, ‘Class A’ concrete, and iron are shown in 
fig. 3. 

Consider a point source emitting S y-rays of energy 
E per second isotropically. Then the flux at a distance 
r centimetres from the source is S/4rr* y-rays /cm.* sec. 
If the source is now surrounded by a concentric 
spherical shell of material of thickness ¢, then the un- 
scattered flux of y-rays at r cm. from the source 1s 

S 
4nr* 

In addition to this primary beam, the dose will also 
include radiation, degraded in energy, which has 
undergone one, two or more scattering collisions in the 
shell. The expression above is therefore multiplied 
by a factor to include this additional contribution ; 
the factor is termed a ‘ build-up factor B’ and the 
emergent dose is 


e pl 





S/4nr? e HE Bit) 

Build-up factors may be calculated for various 
aspects of the radiation, namely, a ‘ dose’ build-up 
factor when the y-ray dosage is of interest, energy 
build-up when energy release is concerned, or even 
simply the ‘ number’ build-up factor where only the 
number of y-rays is desired. 


Standards N.B.S.—1/003, 1952.) 


The build-up factor depends on the material in- 
volved, its thickness in mean free paths, and the 
energy and source geometry of the incident radiation. 

The most complete analysis of this important topic 
has been carried out by Goldstein and Wilkins in a 
34 year programme on the S.E.A.C. computer.® They 
have calculated both the dose and energy build-up 
factors and the emergent differential energy spectra for 
a large number of cases. These include the materials 














TABLE 3. 
DOSE BUILD-UP FACTOR Br. 
Point Isotropic Source Aluminium 
Eo Vor 
MeV 
l 2 4 7 10 15 20 
05 237 424 947 215 39 808 141 
10 2-02 331 657 131 212 379 58° 
20 #17 £=2-6!1 4°62 805 119 187 #£=x263 
+0 1:64 2:32 3-78 614 865 130 17-7 
40 #4153 2°08 3-22 5-01 688 10:1 134 
60 1-42 1-85 2°70 4:06 549 797 104 
80 1:34 168 2-37 345 458 656 £852 
10-0 1:28 155 £212 301 396 563 7-32 
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water, aluminium, iron, tin, tungsten, lead and uranium, 
eight initial radiation energies from 0-5 to 10 MeV, 
for three source geometries and for penetrations up to 
20 mean free paths. 

As an example from this mammoth computation, a 
typical table for aluminium is shown in Table 3. 
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that of the nuclear force range, of order 10°'°cm. The 
cross-section presented by a nucleus to a neutron is 
therefore small, and for this reason neutron radiation 
is extremely penetrating. 

The interactions of neutrons with nuclei may be 
separated into scattering and absorption processes. A 
scattering collision results, in general, in an energy 
change of the neutron. Fast neutrons are slowed down, 
or ‘moderated’, by successive scattering coilisions 
until they are of ‘thermal’ energy. Neutrons of 
thermal energy are in thermal equilibrium with the 
surrounding nuclei and possess a Maxwellian velocity 
distribution. Thermal neutrons continue to make 
scattering collisions unt they are absorbed. 

By the normal laws of mechanics, light elements are 
most effective in moderating fast neutrons since a 
neutron can transfer the greater amount of energy in 
these collisions. The average distance travelled by a 
fast neutron to thermalisation, called the ‘ slowing 
down length’, is very sensitive to the presence of 
lighter elements, particularly hydrogen. Thus those 
concretes which retain a high percentage of ‘ irremov- 
able’ water will have shielding advantages. 

Apart from resonances, the total cross-section of 
nuclei is almost entirely the scattering cross-section 
until the neutron approaches thermal energies. Here 
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Fig. 3.—Total and energy absorption coefficients for : (a) GRAPHITE (density |-65 gm. cm.3); 
(b) Class “‘A’’ CONCRETE (density 2-4 gm. cm.3) ; (c) IRON (density 7-8 gm. cm.’3). 


(DO. G. Andrews. Gamma Ray Shielding for Engineers. A Whitley report [unclassified] .) 


The build-up factor depends on the atomic number 
Z of the material ; thus, for an unlisted material, the 
build-up factor of a tabulated material whose Z value 
is nearest yields a good approximation. For example, 
aluminium build-up factors are used for concrete. 


NEL TRONS 


A neutron 1s an uncharged particle with the same 
mass as a proton. By reason of its lack of charge, it is 
immune to the longer-range electrical forces and only 
interacts with nucle: when the distance of approach is 


the various absorption processes become important, 
and the neutrons travel an average distance, called the 
‘ diffusion length ’, before capture by a nucleus. 

The mechanism of absorption is important. First, a 
nucleus absorbs the neutron, forming a new unstable 
nucleus which immediately drops to a more stable 
binding state. The energy difference between the 
initial and final states is emitted as a y-ray, called a 
‘capture y-ray’. Since the passage to the final state 
may not be unique, the capture y-rays are distributed 
in a spectrum with maxima corresponding to the most 
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probable emission schemes. These y-rays, which for 
medium-weight nuclei have energies of order 7 MeV, 
emanate isotropically from the point of disappearance 
of the thermal neutron and represent a major shielding 
consideration. Some examples of thermal neutron 
capture gamma-ray spectra are shown in Table 4. 

From this it may be seen that good shield materials 
are those which have large scattering and absorption 
cross-sections, thus considerably reducing the diffu- 
sion length, and also which do not emit high energy- 
capture y-rays. 

Boron and cadmium have astonishingly high 
thermal neutron capture cross-sections ; additionally 
boron emits a negligible capture y-ray. In spite of this, 
the radiation levels in the shield depend equally on the 


A further phenomenon may occur if the neutron 
capture ultimately yields an excited but relatively 
stable nucleus which may persist a long time by 
nuclear time standards before making a transition to a 
more stable state. If a number of nuclei are made 
active simultaneously in this way, the time required for 
half of them to ‘ decay ’ is termed the ‘ half-life ’ of the 
excited nucleus. Half-lives show a wide variation from 
millionths of a second to millions of years. 

An important example of activation is thermal 
neutron capture by cobalt 59 to form excited cobalt 60. 
The latter subsequently disintegrates with the emission 
of a fast electron, termed a f-particle, together with 
two y-rays of energy 1:33 and 1:17 MeV. The half- 
life of excited cobalt 60 is 5-3 years. 


TABLE 4. 


GAMMA-RAYS FROM THERMAL NEUTRON CAPTURE 
(MITTELMANN AND LIEDTKE).’ 











Thermal ; 
ipetee: vi emednge ubugadies Highest Average 
Element section gamma-ray of 
(barns) 0-1 1-3 3-5 5-7 7 (MeV) photons capture 

Aluminium ‘215 ? ~13 77 21 35 7724 2 
Barium 1-17 ? 80 75 14 l 9-23 — 
Boron-10 3990 0 0 0 0 0 0-478 — 
Calcium 0-406 ? 50 60 101 2-4 7°83 — 
Carbon-12 ‘0045 ? <W 100 0 0 4-95 1-3 
Hydrogen-1 0-330 0 100 0 0 0 2:23 — 
Iron 2-43 ? <10 24 22 50 10-16 1-7 
Lead 0-17 0 0 0 7 93 7:38 _ 
Silicon 0-16 ? » 100 229 41 16 10-55 _ 











current of fast neutrons, to which boron and cadmium 
are transparent, and the gain from using these elements 
may therefore only be fractional. 

Iron has a reasonably large cross-section for thermal 
neutrons. It must be remembered that scattering 
collisions in general increase the neutron path length 
in the medium and hence yield a greater opportunity 
for a neutron to be captured. In an actual reactor a 
few inches of iron, although fairly transparent to fast 
neutrons, greatly reduces the incident thermal flux. 

Carbon has a low capture cross-section and a reason- 
ably large scattering cross-section. Thus graphite is a 
good moderator for fast neutrons. Oxygen and silicon, 
two of the principal constituents of concrete, have 
extremely low capture cross-sections and the addition 
to concrete of materials such as iron and boron shorten 
the diffusion length. The most comprehensive survey 
of neutron cross-sections together with their energy 
dependence has been compiled by D. J. Hughes and 
J. A. Harvey.* 


It is worth recording that y-rays do not activate 
nuclei in this way and so y-activity is not infectious to 
other substances. 


SHIELD DESIGN. 


A shield design is largely governed by the type of 
reactor to be shielded. In this country the greatest 
commercial interest at present attaches to the large 
graphite-moderated, gas-cooled, natural uranium re- 
actors developed for the joint production of power and 
plutonium. A typical shield for such a reactor will 
therefore be described. 

The neutron leakage from these reactors is decreased 
by surrounding the active core with a graphite reflector. 
The reflector moderates, and returns to the core, 
neutrons which would otherwise have entered the 
shield. 

The high-pressure coolant gas is usually contained 
in a steel pressure vessel, although the French reactors 





at Saclay incorporate a steel-lined, pre-stressed con- 
crete pressure vessel. 

The size of the whole system usually precludes the 
possibility of using expensive shielding materials and 
so the main biological shield surrounding the pressure 
vessel commonly consists of conventional construc- 
uonal materials, namely, steel and concrete. Some 
latitude may be possible in choosing the nature of the 
concrete. 

If the radiation currents leaving the pressure vessel 
could cause damage to the concrete, then the concrete 
tace may be protected with a thermal shield. Steel 
plating 1s conventionally used for this purpose. 

Since the reactor is large, the calculations on the 
shield are considerably simplified by regarding the 
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c) Thermal neutron capture gamma-rays. These 
originate in all the materials in the core, reflec- 
tor and shield. They may be determined when 
the thermal neutron flux distribution is known. 
Their importance is evident from the fact that 
they provide the lion’s share of the shield heating 
and also that the capture y-rays from steel and 
concrete generally set the shield thickness. 


CALCULATION OF NEUTRON FLUX DISTRIBUTION 

THROUGHOLT THE SHIELD. 

The neutron flux distribution throughout the shield 
is necessary (a) to calculate the dose external to the 
shield ; (6) to calculate the thermal neutron capture 
y-ray source from each layer of the shield. 
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Fig. 4.—Schematic representation of origin of pile radiations. 


successive layers—core, reflector, pressure vessel, 
thermal shield, biological shield—as a succession of 
plane slabs. This simplification also has the safety 
advantage of being slightly pessimistic. 

The radiations concerned in the calculation are 
shown schematically in fig. 4. They comprise : 

a) Gamma-rays produced in the fission process. 
These are distributed in a spectrum between | 
and 9 MeV, the greater part lying in the region 
around 2 McV. These »-rays, together with the 
y-rays from thermal neutron capture in the fuel 
canning material, usually yield a _ negligible 
contribution to the external dose. They are, 
however, the major contributors to the reflector 
heating. 

6) Fast and thermal neutrons. The fast neutrons 
originate in the fission process and the thermal 
neutrons originate from them by moderation. 
The calculation of these in the shield is con- 
sidered in the next section. 


The fast and thermal neutron fluxes at the centre of 
the core are of order 10'* to 10'* cm.?/sec. The fast 
neutron flux corresponding to the maximum permis- 
sible level is about 40 cm.* sec. Thus the flux falls 
by at least 11 decades through the reflector and shield. 
In this fact lies the central difficulty of neutron shield- 
ing problems, since, obviously, only very exceptional 
neutrons will comprise the emergent dose. 

The ideal calculation, closest to the physical reality, 
would be a statistical, so-called ‘ Monte Carlo’, com- 
putation where enormous numbers of neutrons are 
allotted random histories, consistent with mechanical 
and nuclear laws, and traced “ from the fission cradle 
to the absorption grave”’ in the shield. The small 
select number to emerge unabsorbed will yield the 
external dose. Such a programme has been carried 
through for a few simple cases,* but, in the case of a 
multi-layer heterogeneous shield would be an am- 
bitious task at this time. 

Recourse must therefore be had to the diffusion 
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approximation. Here again it would be desirable but 
impracticable to divide the neutrons into a large 
number of energy groups, so only two neutron groups 
are retained, namely fast and thermal. 

The nuclear data for each group should be, where 
possible, experimental average values. The thermal 
neutron data will probably be more predictable from 
absolute values. 

Simplification of the geometry is possible, as de- 
scribed for a large reactor, by treating successive 
shield layers as plane parallel slabs. The two-group, 
one dimensional diffusion equations in a given source- 
less medium are then :* 


dx* L;? 
dN N F 
axe? I? ‘Ts? 


where F and N are the fast and thermal neutron 
fluxes, Ls and L are the slowing-down length and 
diffusion length and vy is a constant for the material. 








TABLE 5. 
DIFFUSION CONSTANTS FOR REACTOR MATERIALS. 
Material Lem. Lscm. Dncm. Drcm. v 
Graphite 50-2 18-7 ‘903 1-17 1-3 
* Ordinary ’ 
concrete 4°86 8-64 343 1-04 3-03 
Steel 1-5 16 35 ‘4 1-14 
Water 2°88 5°7 ‘142 1-3 9-2 











The fast and thermal neutron currents are : 

JF Dee and jn Duo 
where Dr and Dw are the fast and thermal diffusion 
coefficients. Typical values of these parameters are 
shown in Table 5. 

To solve these equations through the reflector, 
steel and concrete is extremely difficult due to heavy 
cancellation. Experience has shown that the most 
practicable method is to obtain the fluxes at the core- 
reflector boundary by a two-group calculation in- 
volving only the reflector and core. The fluxes are 
fitted to these values at this interface and are equated to 
zero at the extrapolated outer concrete boundary. 
The fluxes and currents are continuous at all inter- 
vening interfaces. 

Successful completion of this calculation yields the 
emergent currents of neutrons which should be less 
than half the maximum permissible level, together with 
expressions for the thermal neutron flux in each layer 
of the shield. This latter information is now used to 
calculate the source distribution of capture »y-rays 
from the graphite, the steel and the concrete. 





CALCULATION OF y-RADIATION IN THE SHIELD. 


The thermal neutron flux distribution and hence the 
reaction rate is now known at every point in the 
shield. 

At a depth x into the shield, a layer of thickness dx 
becomes an isotropic plane source of strength 


2adén.dx per unit area 


where ¢y is the thermal neutron flux at x, and 2a 
is the macroscopic thermal neutron cross-section. 
The gamma-ray flux at a distance y from this effec- 
tively infinite plane source may be shown to be : 


-$(2a¢dndx) B(uy) Ei(—py) 


Where B(yy) is the build-up factor and , the absorp- 
tion coefficient for the capture gamma-ray energy 
emitted. Ei (— yy) is the tabulated exponential 
integral function. By integration of this expression, 
the total gamma-ray flux at any point in the shield 
may be constructed. '* 

When performing calculations of this kind, a useful 
form of the build-up factors has been produced by J. J. 
Taylor’ namely : 

Ae~ UY + (1— A)e~ 42h 
The function £i(—y) is therefore replaced by 
[AEi(—p'y) + (1—A)Ei(—p"y)] 
where p’=(1+-a,)u and p"=(1+a,)u 
Rules are given in Reference® for the appropriate 
combination of build-up factors for a shield with 
layers of different atomic number. 

The gamma-ray flux distribution, together with the 
energy absorption coefficients, give the source of 
nuclear heating per unit volume at any point in the 
shield. 

The shield thickness is adjusted so that the external 
gamma-ray flux is below the maximum permissible 
level. 


SHIELDING CONCRETE. 

To define an ideal shielding concrete, Sidebotham 
and Standen'' list an impressive selection of require- 
ments. 

1. High density. 
2. Fairly high hydrogen content (about 0-4 to 
1 per cent. by weight). 
3. Hydrogen content materially unaffected by 
temperature. 
4. Low heat of hydration. 
5. High specific heat. 
6. High thermal conductivity. 
7. Low thermal expansion. 
8. Low modulus of elasticity. 
. Low drying shrinkage. 
. High compressive strength. 
. High tensile strength. 

In practice, the choice is simplified by considerations 
of economy. The cost of a heavy aggregate for high 
density is usually disproportionate. The saving of 
total weight for a large reactor is inconsiderable. 

For the type of reactor discussed here, the emerging 
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neutrons are usually negligible compared to the 
gamma dose, thus the qualities (2) and (3) are not 
urgent 

High thermal conductivity is a very desirable 
feature to smooth out the effects of radiation heat 
production. Frequently, however, good design and 
cooling may accomplish as much as an expensive 
concrete mix. 

The remaining properties listed might well be 
demanded, with greater justification, for other con- 


OCTOBER, 1956 


the case of Lumnite, Colemanite and limonite con- 
cretes. The neutron absorption and capture gamma- 
ray properties are improved by the presence of boron, 
either as Colemanite or Boron Frits.'* 

The most popular methods of increasing the density 
are to use a heavy barytes aggregate, to add iron ore as 
magnetite or limonite, or simply to incorporate stee]! 
shot or punchings in the mix. Iron-Portland concrete 
is an example in the latter category and contains 87-5 
per cent. of iron by weight. Great care must be taken 





















































crete structures, unconnected with reactors. The in the placing of such a concrete to attain uniformity. 
TABLE 6. 
SHIELDING ARRANGEMENTS FOR FIVE MEDIUM-SIZED REACTORS. 
Pile Moderator 
Power Approximate 
Pile Core Description of Shield 
Max. Size 
Thermal Reflector 
Flux 
BEPO 6oMW Graphite Cylinder 6” thick Thermal Shield of Fe. 
British Experimenta! 20’ long 6-5’ of Barytes Concrete sides. 
Pile Operatuon, 2.108 Graphite 20° dia. 75° Barytes Concrete top. 
Harwell 
BNL. 283MW Graphite Moderator and 6° Fe plate. 
Brookhaven Natfonal reflector form 4-25’ of concrete (density 4:5 gm. /cm.’). 
Laboratory, N.Y 4.10% Graphite a 25° cube 6” Fe plate outside. 
NRX 40MW Heavy water Cylinder Two 6° Fe Thermal Shields—air cooling 
National Research 82° dia. between. 7-8 of concrete. 
Experiment, Chalk 68 «1015 Graphite 104° high Three water-cooled Fe Shields on top. 
River Four water-cooled Fe Shields on bottom. 
Russian Power MW Graphite Cylinder Steel pressure vessel. 
Reactor 150 cm. dia. 100 cm. of water and 300 cm. of concrete 
5. 1038 Graphite 170 cm. high at sides. 
Steel and cast-iron on top. 
Saclay Reactor 15 2MW Heavy water Cylinder Sides : 20 cm. Fe, 225 cm. of concrete. 
France 201 cm. dia. Top : 1 m. of Fe, 1-5 m. of concrete. 
7.10 Graphite 250 cm. high Bottom : 20 cm. of Fe. 
Clementine 25kW No moderator Cylinder +” Al. jacket around blanket, with cooling 
Los Alamos Fast — 6” dia. tubes. Then 6° of Fe, 4° of Pb. On 
Reactor 1013 Blanket of 6” high three sides are alternate layers of Fe and 
natural Masonite and later Fe and boron plastic. 
uranium and This all totals 30° on three sides. Ther- 
thorium mal column on fourth. Finally 14° of 
heavy concrete. 





structural requirements for the greater part of a con- 
crete biological shield are often quite modest. 

Even so, a good case often occurs for the use of a 
heavier or more unusual type of concrete. For instance, 
a thinner shield decreases the length of travel for 
mechanical handling equipment, or in a smaller 
reactor, the weight saving from a thinner shield may 
offset the extra cost. 

A great deal of work has been done on the production 
of heavier concretes, the densities extending up to 
6 gm cm.* for Iron-Portland concrete. The ‘ irremov- 
able’ hydrogen content is increased considerably in 








Barytes concrete, of density 3-5, has found favour in 
a number of shields, including B.E.P.O., but is about 
24 times as costly as ordinary concrete when placed. 

Experimental nuclear data for the various types of 
concrete is rather patchy and offers a large spread of 
values. 


EXISTING SHIELDS. 

Little mention has been made here of numerous well- 
established shielding materials other than steel and 
concrete. Demuneralised water is, of course, the 
cheapest of all shielding materials. It is of low density, 
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however, and its containment presents expensive 
problems. It is in common use in numerous experi- 
mental reactors, particularly the so-called ‘ swimming- 
pool’ reactors where the reactor operates in a large 
tank of water. The water may act as moderator, reflec- 
tor, coolant and shield. 

Table 6 shows the shielding arrangements for five 
medium sized reactors in various countries.’* For 
these reactors, with a power of 6 megawatts or more, the 
shield is commonly of iron and concrete. 

The fast plutonium reactor Clementine has also 
been included for comparison. The very small core 
allows the shielding engineer full scope to practise 
his art with interesting shield materials. 

Clementine reached full power in March, 1949; a fuel 
element ruptured in December, 1952, and the reactor 
was dismantled in 1953 due to contamination. The 
reflector blocks and shielding showed serious radiation 
damage. 

The diffusion theory for neutrons would not be a 
good approximation in the case of a shield with a large 
number of boundaries and high absorption, as is the 
case with boron and cadmium compounds. The mode 
of approach outlined here should not, therefore, be 
regarded as dogmatic and the problems that can be 
posed by a shield allow plenty of scope for further 


theoretical and experimental investigation. In all 
cases the thermal neutron flux distribution must be 
known before the secondary capture y-ray fluxes may 
be calculated and it is here, unfortunately, that the 
theory is weakest. 
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Some Photochemical Aspects 
of Natural and Artificial Lighting 


By B. S. COOPER, B.sc., F.Inst.p. 
Research Laboratories. 


HOSE concerned with 
7. illumination problems 

will almost certainly be 
confronted sooner or later 
with some example of a 
material which has undergone 
a change in its physical 
propertics—in its colour or 
tensile strength, for example 
—as a result of being illu- 
muinated. Such physical 
changes are indicative of a 
change in the chemical nature of the material, brought 
about directly or indirectly by the action of light 
upon it. 

Chemical reactions which depend upon the absorp- 
uon of light for their inituation and progress are known 
as photochemical reactions ; in general they are of the 
same nature as reactions produced in other ways and 
include examples of synthesis, decomposition, oxida- 
uion, reduction, polymerisation, and so on. Many 
examples of such reactions occur in natural and artificial 
chemical processes ; among the most indispensable in 
the former field are the vital reactions associated with 
photosynthesis in plants and with vision in the animal 
world. In the technical field the varied processes of 
photography involve both inorganic and organic 
photochemucal reactions. 

With nearly all forms of lighting there is some chance 
that certain of the materials illuminated will be subject 
to chemical change, although it may need very long 
periods of exposure at relatively high illumination 
levels for any effects to become apparent. Of particular 
concern are those changes in properties which may be 
regarded, in the main, as deleterious. In this category 
are the fading of a dyed or pigmented material, the loss 
of strength of a textile, the disintegration of a paint 
film and the loss of elasticity in rubber. 

Even to describe all these effects as undesirable is an 
arbitrary classification dependent upon one’s point of 
view. The bleaching of linen in sunlight and the fading 
of window curtains through the same agency might 
well be referred to respectively as examples of bene- 
ficial and deleterious photochemical reactions, although 
in the chemical sense they are not distinguishable. To 
those concerned with artficial lighting, however, the 
effects mentioned will almost always be presented as 
something undesirable and, if possible, to be avoided. 


greater hazard. 


Although chemical change is likely to 
occur when materials are illuminated, it is 
shown by reference to examples of photo- 
oxidation in dyed textiles and related mater- 
ials that none of the artificial light sources 
now in use has spectral qualities introducing 
a risk of damage greater than is involved in 
a corresponding level of illumination by 
daylight. The much lower levels of artificial 
illumination make daylight by far the 


It is important, therefore, to 
have some krowledge of the 
factors which contribute to 
these photochemical effects. 

Two features will be noted 
in the examples of deteriora- 
tion already mentioned. First, 
all the materials concerned 
are either organic substances 
or at least contain important 
organic constituents ; second- 
ly, these materials are of a 
rather complex nature consisting of at least two, and 
often several, components. It is very rarely in the 
practical field that one has to deal with a simple inter- 
action between light and a single definable substance, 
although such examples are, of course, well known in 
the academic study of photochemistry. In the case of a 
material such as a dyed textile, fading of the dye and 
loss of strength of the fabric may occur simultaneously ; 
in fact, the presence of the dye can affect the change 
taking place in the textile fibre while, at the same time, 
reaction products from the degradation of the fibre 
can react back on the dye. 

Before discussing practical problems and some 
recent work in this field, it will be useful to mention 
briefly some of the basic principles of photochemical 
processes. 


PHOTOCHEMICAL REACTIONS : GENERAL CON- 

SIDERATIONS. 

Probably the best starting point in formulating some 
simple ideas on the subject of photochemical action is to 
mention the Grotthus-Draper law, frequently called 
the first law of photochemistry. This derives from the 
independent studies of Grotthus and Draper in the 
early nineteenth century and states that only light 
which is absorbed by a substance is effective in inducing 
a chemical change. Although this may appear extreme- 
ly obvious it is sometimes forgotten ; if a material is 
perfectly transparent to some particular radiation, then 
it follows that such radiation cannot produce any 
chemical change in the material. 

Even if light is absorbed by a substance—and for the 
purpose of the present discussion light can be taken to 
include the infra-red and ultra-violet regions of the 
spectrum in addition to the visible radiation—it will 
not necessarily bring about a photochemical change 
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since other alternative energy transformation pro- 
cesses may be brought into play. 

When light is absorbed by a substance : 

(a) it may increase the average energy of the 
molecules of the substance, and this energy 
may then be transformed by collision or other 
processes into heat—which becomes evident as 
a rise of temperature of the illuminated material, 
or 

(b) it may be re-emitted as fluorescent radiation, 
differing in wavelength from that absorbed, or 

(c) it may excite the molecules of the irradiated 
substance so that they enter into chemical 
reaction or are dissociated. 

Thus, not only must radiation be absorbed as 
required by the Grotthus-Draper law, but the energy 
must be transformed appropriately, as in (c) above, in 
order that irradiation may induce chemical change. 

Next, some consideration may be given to the 
wavelengths of radiation likely to be most effective 
for inducing chemical changes. The visible spectrum 
covers a wavelength range from 0:75 « 10°‘ cm. (deep 
red light) to 0-4 « 10‘ cm. (violet light); wavelengths 
longer than 0-75 « 10 * cm. are invisible to the human 
eye and known as infra-red radiation ; those shorter 
than 0-4 =x 10° cm. are also invisible and known as 
ultra-violet radiation.* As will be discussed in a later 
section, all normal light sources emit radiations in the 
invisible in addition to the visible spectrum. An 
alternative method of specifying radiation is by its 
frequency (number of vibrations per second) rather 
than by its wavelength. For the present discussion this 
is the more useful conception. 

Atoms and molecules emit or absorb radiation only 
in discrete energy steps known as quanta, the magni- 
tude of a quantum being directly proportional to the 
frequency of the particular radiation concerned. 
When radiation is absorbed by a substance, each 
molecule takes up one quantum of radiation in acquir- 
ing its activated state ; it is thus clear that a molecule 
can acquire more energy from a high-frequency radia- 
tion than it can from radiation of lower frequency. 
Table | gives some values for the wavelength, frequency 
and quantum energy of radiation in the range with 
which we are concerned. 

It will be seen that radiation in the near ultra- 
violet can provide about three times the energy per 
quantum as that in the near infra-red region. At 
wavelengths in the infra-red slightly greater than that 
shown at the top of Table | the quantum energy of the 
radiation is too small to bring about the type of 
molecular activity which will lead to chemical change, 
in other words such infra-red radiation is inactive 
photochemically. 

Consideration may now be given to the interaction 
of radiation with one of the materials of interest. A 
textile material can be taken as typical, although much 
the same considerations apply to the other materials 
mentioned earlier. 

It has been pointed out’ that in considering the 








*Other units of length often used to specify wavelength are microns 
us) and Angstrom units (A) ; 10-* cms. lu 10,000 A. 


action of light on textile materials, two main types of 
photochemical action are of importance. 

In the first type of reaction, known as photolysis, the 
radiation absorbed by a molecule produces disruption 
of a chemical bond with consequent loss of strength 
of the textile. With cellulose the rupture of the chain 
molecules involves breaking single bonds of either 
carbon-carbon or carbon-oxygen; with nylon or 
silk, bonds of carbon-carbon or carbon-nitrogen are 
involved. The energy required to produce these 
molecular disruptions is relatively high ; in fact, it is 
only the radiation at the short-wavelength end of the 
ultra-violet spectrum (wavelengths in the 0-25, 
region) which has sufficient energy per quantum to 








TABLE 1. 
General 
description Wavelength Frequency Energy per 
of radiation quantum 
(lu@=10*cm.) (sec”') (ergs) 
Near infra-red 1-Op 30«10'* 20x10" 
Visible (red) O-7p 43«10"* 28x10°'* 
Visible (green) 0-554 55=«10'* 36x 10°"? 
Visible (violet) 0-44 75x 10'* 50x 10°"? 
Near ultra-violet 0-354 8-6 10'* 57x 10°" 
Far ultra-violet 0-25 120 10'* 80x 10°"? 











promote these reactions. These photolytic effects 
are a direct result of irradiation and do not depend on 
the presence of oxygen in contact with the irradiated 
material. They will also occur when the textile fibre 
is in an inert atmosphere or in vacuo. A most important 
point to note in connection with the present discussion 
is that the wavelengths of ultra-violet radiation 
necessary for the promotion of these photolytic changes 
in textiles are outside the range emitted by normal 
light sources. As will be discussed in the next section, 
dealing with the spectral characteristics of light sources, 
all radiation of wavelengths less than about 0-3, is 
absorbed by the glass envelopes of the various types of 
electric lamp. With sunlight, this shorter-wavelength 
ultra-violet radiation is absorbed in the upper layers of 
the earth’s atmosphere. 

The second type of photochemical reaction having 
important effects on textiles may be described as a 
photo-excited oxidation. This type of reaction can be 
initiated by radiation in the near ultra-violet or visible 
regions of the spectrum—depending on the type of 
sample—and is thus of interest when considering the 
effects of radiation from normal light sources. The 
presence of oxygen is essential, the rate of reaction 
being negligible in its absence. Moisture is another 
environmental factor which, with many types of 
material, can effect a very great increase in the magni- 
tude of the photochemical change. 
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Undyed textile fibres have relatively low absorption 
for radiation in the visible and near ultra-violet regions 
of the spectrum ; the rate of degradation (loss of 
strength) of such fibres resulting from photo-oxida- 
tion is, in consequence, low. When, however, a 
radiation-absorbing substance such as a dye or pig- 
ment is associated with the fibre, light or near ultra- 
violet radiation may be absorbed and the energy trans- 
ferred to the reacting molecules of the fibre so as to 
initiate photo-oxidation. Such dyes or pigments are 
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of fibre depends on the dye and the environment, 
while the colour-fastness of dye depends in turn on the 
nature of the fibre substrate and the environment. 
The extent to which the presence of moisture may 
contribute to the light-fastness of a dyed textile is shown 
by the two series of test samples illustrated in fig. 1. 
This work was carried out at the Shirley Institute and 
these results are reproduced by permission of the 
British Cotton Industry Research Association. The 
long top strip of each series shows a sample of the 





Fig. |.The influence of humidity on the fading of some dyed cotton samples. 
(Reproduced by courtesy of the British Cotton industry Research Association. ) 


known as photosensitisers and many dyed textiles will 
consequently exhibit greatly enhanced degradation in 
light compared with the undyed material. Even colour- 
less pigments such as zinc oxide and titanium dioxide, 
which have strong absorption in the near ultra-violet, 
will act in this way as photosensitisers. 

When there is a dye associated with the fibre, not 
only may the dye enhance the rate at which the fibre 1s 
degraded by oxidation, but the dye itself may bleach 
through photo-oxidation. In consequence it will in 
due course become a less effective photosensitiser for 
the oxidation of the fibre. In addition, when moisture 
is present, the formation of hydrogen peroxide can 
affect the rate at which both fibre and dye oxidise. 
he photochemistry of the dye fibre system 1s thus 
extremely complicated ; the behaviour of any one type 


original dyed fabric before exposure to light; the 
eleven small square samples in each bottom row have 
each had the same exposure to daylight but in environ- 
ments of different relative humidities, as indicated. It 
will be noted that, with the two examples shown, this 
degree of exposure to light will produce practically no 
effect in very arid conditions or an almost complete 
bleaching at the highest relative humidity. 

Some further practical examples of the effects of 
fading and deterioration will be discussed in a later 
secnion. 


LIGHT SOURCES AND THEIR SPECTRAL CHARAC- 


TERISTICS 


Several types of light source are of interest in con- 
nection with problems of deterioration. Tungsten 
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filament lamps and fluorescent lamps are the most 
widely used artificial. sources for general lighting and 
it is clearly of importance to know whether the 
radiation emitted by these sources is of special sig- 
nificance when considering possible photochemical 
action. Also of interest are light sources used for test 
purposes in order to assess the degree of stability of 
dyed textiles, paints, etc. ; in this category are the 
totally enclosed carbon flame arc—used in most pro- 
prietary equipment for accelerating tests—and the 
high pressure mercury discharge lamp. 

Fig. 2(a) to 2(e) are photographs of spectra of 
various light sources; the range of wavelengths 
covered includes the visible and ultra-violet regions, 
but the infra-red has been excluded as being of no 


mercury arc in a quartz (more correctly, fused silica) 
envelope. This source is never used as a general 
illuminant, but is sometimes suggested as a useful 
source for producing strong photochemical action and 
thus as a means for assessing the relative stability of a 
number of samples to normal light. The relatively 
powerful emission at wavelength 0-254, will be noted. 
As discussed in the previous section this short-wave- 
length radiation may produce chemical changes of an 
altogether different type from those produced by the 
radiation from normal light sources ; it is clear that 
quite misleading results may be obtained if this source 
is looked upon merely as an accelerator of normal 
photochemical reactions. 

The diagrams of fig. 3 give a quantitative picture of 
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Fig. 2.—Spectrograms of light sources. (a) Sunlight; (b) Tungsten filament lamp; (c) Typical fluorescent tube; (d) Enclosed 
carbon flame arc (plain carbons) ; (e) High pressure mercury lamp (MB type) ; (f) Low pressure quartz mercury lamp. 


direct interest for the present purpose. These spectro- 
grams are not of quantitative significance but they do 
illustrate the general character of the radiation from 
each source and the range of wavelengths concerned. 
It should be noted that all sources emit radiation in the 
near ultra-violet region in addition to the visible 
spectrum, but that the shorter wavelength ultra- 
violet radiation is not present. With sunlight, this 
undesirable radiation is absorbed in the upper layers 
of the earth’s atmosphere, particularly by the ozone 
component. With electric lamp sources, either no 
significant radiation is present, as with tungsten fila- 
ment lamps, or it is completely absorbed by the glass 
bulb or tubing which encloses the source ; this latter 
condition applies in mercury and fluorescent lamps. 
Fig. 2(f) is an additional spectrum for purposes of 
comparison. This is the spectrum of a low pressure 


the distribution of energy in the ultra-violet and visible 
spectra of the various light sources. The energy 
scales of these diagrams are arbitrary and not related 
one to another; they can readily be adjusted by 
suitable numerical factors to represent any desired set 
of conditions, e.g. equal illumination, equal total 
radiant power, and so on. The strong violet and near 
ultra-violet radiations from the high pressure mercury 
lamp—and also from the enclosed carbon arc—will 
be noted. This leads to one important photochemical 
application of these two sources, photo-printing. Both 
ferro-prussiate and diazotype papers owe their proper- 
ties to reactions initiated by radiation in this particular 
spectral region.* A further type of lamp, the “ blue ” 
fluorescent tube, is also a very efficient generator 
of blue, violet and near ultra-violet radiation and has 
become of importance as a source for photo-printing. 
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Some approximate values are given in Table 2 for 
the proporuons of energy in various regions of the 
spectrum of the different light sources. The figures 
for daylight indoors, 1.c. after filtering through window 
giass, will differ but little from those given in the table, 
which refer to outdoor sunlight. The principal effect 
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Fig. 3.—Spectra!l energy distribution diagrams. (a) Sunlight ; 

(b) Tungsten filament lamp; (c) Fluorescent tube (‘' Worm 

White '’ type) ; (¢d) Enclosed carbon flame arc (plain carbons) ; 
(e) High pressure mercury lamp (MB type). 


of the window glass is to absorb the “tail” of the 
ultra-violet spectrum between wavelengths 0-324 and 
0O-30u. This ts an insignificant proportion of the total 
ultra-violet energy, although it is a very important 
component from the biological point of view. There is, 
however, no evidence to suggest that this narrow band 
of wavelengths 1s of any special significance in con- 
necuon with the fading problem. 

When a photochemical change 1s experienced, the 
degree of change 1s dependent on the total amount of 
radiation effecting the change which 1s received by the 
system. Thus the data given in Table 2 must be 
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considered in conjunction with the likely levels of 
illumination experienced with the various types of 
lighting. For example, it is quite common for daylight 
illumination, even in interior situations, to approach ten 
times the level normally met with in artificially lighted 
interiors. This must be borne in mind when assessing 
the amount of radiation in any spectral region likely 
to be received by an object under some specified type 
of illumination. 


TABLE 2. 


PROPORTION OF RADIATION EMITTED BY LIGHT 
SOURCES IN EACH SPECTRAL RANGE 


























Approximate percentage of total 
Light emitted radiation 
Source Near 
Ultra-violet Visible Infra-red 
044 044 100-75p -O-75p4 
Sunlight Per cent. Per cent. Per cent. 
(Noon summer 
outdoors 51° N. 6 51 43 
Lat.) 
Tungsten filament | 
lamp (2900 K.) 0-1 10 90 | 
Fluorescent lamp | 
(Typical average 35 52 45 | 
values ) 
High pressure mer- | 
cury lamp (MB 10 18 72 | 
Type) | 
Enclosed carbon 
arc (Plain carbons) 12 5 83 











It is appropriate to conclude this discussion of the 
spectra of illuminants by reviewing present know- 
ledge regarding the efficacy of various wavelengths in 
causing fading of dyes and tendering of textile fibres. 
It should then be possible to assess if the differences 
between the spectral characteristics of the different 
light sources are of particular significance in this 
respect. 

Even in the one field selected for discussion, viz. 
dyed textiles, the wide range of chemical types of dye 
and of fibre, and the many combinations available, 
make it impossible to generalise. It is clear that with 
undyed textile materials, visible light can have little 
effect in initiating photochemical action since it is 
not absorbed to any appreciable extent. Dyed materials 
however, exhibit a wide variety of spectral absorption 
characteristics, so that there would appear to be some 
justification for the statement : 

““ Most dyes fade by the action of a comparatively 
narrow band of wavelengths near the absorption 
maximum of the dye. Contrary to widely held belief, 
dye fading is thus due to the visible light and not to 
the ultra-violet content of sunlight ”’.* 

An important contribution to knowledge on this 
subject has recently been published.‘ As a result of 
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investigating a large number of dyed textile materials 
and studying the fading of samples under various 
narrow spectral regions of daylight isolated by means 
of optical filters, it was concluded that : 

‘“* Organic colouring matters are faded by absorbed 
ultra-violet and visible radiation up to a critical wave- 
length above which radiation is non-actinic, even if 
strongly absorbed. This wavelength is generally 
related to the normal light fastness of the colouring 
matter, ‘ normal’ referring to the substrate for which 
it was originally developed, e.g. vat dyes on cotton, 
disperse dyes on acetate rayon. The critical wave- 





length decreases as the resistance to fading increases, 
being in the red when the light fastness is very low 
and in the blue when it is near the maximum ; there 
are, however, some exceptions to this rule. As long- 
wave radiations preponderate in daylight and as the 
absorption bands are usually strongest in the visible 
spectrum, fugitive organic colouring matters are 
usually faded by visible light, while those of high 
normal light fastness can, in general, be faded by 
ultra-violet, violet and blue light ’’.* 

It is interesting to learn that even red light of 
wavelength greater than 0-6. may be photochemically 
active and responsible for about half the total fading 
on some of the more fugitive samples tested. It is 
particularly important to note that it is the most 


fugitive types of dyeings which have this sensitivity 
to such a wide range of wavelengths. 


SOME PRACTICAL EXAMPLES. 

A few examples of the photochemical deterioration 
of dyed textiles will now be mentioned to illustrate the 
various factors involved. 

Probably the most severe duty for any textile to 
perform in interior situations is that of window 
curtains. Not only are such materials subject to 
extremely high intensities of illumination (up to 
several thousand lumens/sq. ft. in direct sunlight) of 





(b) 
Fig. 4.—Printed cotton material showing local tendering owing to photo-sensitisation 
by yellow dye. (a) Exposed to direct sunlight ; (b) Not exposed to direct sunlight. 


wide spectral range, but the integrated time of exposure 
extends over months and even years. In addition the 
Situation is one where condensation of moisture on 
window glass, and subsequent evaporation, leads to 
periods of very high relative humidity in the immediate 
neighbourhood of the irradiated material. As shown 
earlier, this also is a very important factor in accelerat- 
ing deterioration. 

An interesting example is shown in fig. 4. This isa 
printed cotton material which had been in use as a 
window curtain for periods extending over two or 
three years in an east-facing window. Although the 
printed pattern was on the side of the material remote 
from the light, the end fold of the curtain received 
some measure of direct sunlight. As a result, a severe 
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local tendering action has become evident, clearly 


photo-sensitised by the dye used for printing the - 


yellow flowers. These features of the pattern have 
become very fragile and broken away, although the 
features involving the red, green and blue dyes are not 
nouceably diminished in strength. That this is not a 
direct attack of the dye on the textile fibre is shown by 
the fact that in portions of the material not subjected to 
direct sunlight, the yellow dye has not produced any 
noticeable local weakening of the fabric, as shown by 
the representative area illustrated in fig. 4(6). 

Many ycllow and orange dyes are recognised as 
having a very marked photo-sensitising action in 
regard to the oxidation of cellulose. To give some idea 
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environment, the chemical nature of the dye and of the 
substrate, other environmental factors (e.g. presence 
of sulphur dioxide in the atmosphere) must all be 
taken into account when considering whether any 
particular example presents abnormal features. 

In instances where it is not possible to specify all 
the conditions, some simple comparative tests may 
suffice to draw attention to, or eliminate, some particular 
operative factor. 

It is not uncommon for the spectral quality of the 
light to be blamed for causing abnormal fading in far 
more cases than can be justified by a closer scrutiny of 
all the relevant factors. A new and more efficient 
illuminant may lead to the employment of levels of 





Fig. 5.—Faded sample (originally blue) showing marked difference 
in light-fastness of woven fabric and thread used for stitching. 


of the scale of the effect, exposure of a sample of cotton 
cloth, dyed with a yellow dye of this type, to 2,500 
lumens sq. ft. of mixed tungsten and high pressure 
mercury light for 300 hours, reduced the tensile 
strength of the cloth to about 50 per cent. of its inital 
value. This experiment was made under conditions 
of relatively low humidity ; the result would have been 
obtained in appreciably shorter time if the humidity 
had been higher. As a matter of interest, a sample of 
natural silk, which is notorious for rapid tendering 
under the action of light, was tested at the same ume 
as the cotton sample referred to above and found to 
have only 10 per cent. of its initial tensile strength 
after only 150 hours in the test cabinet. 

It is obviously necessary in any practical example of 
photochemical deterioration to have as much know- 
ledge as possible of all the relevant factors. The level 
of ilumination on the sample, the period of exposure, 
the spectral quality of the light, the humidity of the 


illumination many times greater than any used pre- 
viously in certain situations. Any consequential fading 
of the articles illuminated will probably be ascribed to 
the “ dangerous ”’ nature of the radiation from the new 
source when, in fact, it may well be solely a function 
of the increase in incident radiant energy. 

An example was investigated recently in which a 
shopkeeper complained that a fluorescent lighting 
installanion was responsbile for serious deterioration of 
textiles in his storeroom. A roll of cloth was produced 
as evidence ; this cloth not only exhibited appreciable 
fading on the side of the roll facing the nearest lighting 
hitting, but particular attention was drawn to the fact 
that the second and third turns of cloth below the top 
layer were also faded on this side of the roll. The 
complainant felt that this provided clear proof that the 
cloth was faded by some particularly harmful “ rays ”’, 
from the fluorescent tubes, which possessed the 
special property of penetrating several layers of cloth. 
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It was immediately obvious that the cloth had faded 
under the action of light from the fluorescent lamp. 
The two important points to establish were, however, 
whether : 

(a) there was anything abnormal in the fading of 

the several underlying turns of cloth, and 

(6) the fading was any more serious than would 

occur under equal illumination levels of other 
common light sources. 

Laboratory tests showed that this particular dyed 
cloth faded relatively rapidly irrespective of the 
quality of the light ; in fact, when a test sample was 
illuminated by tungsten lamps it actually faded more 
rapidly than a similar sample under an equal illumina- 
tion from fluorescent lamps. Having established that 
the dye used on the cloth was of a fugitive type, very 
little consideration was necessary in order to show 
that there was nothing very mysterious about the 
fading of the inner layers. Once the outermost layer 
had faded, it was then partially translucent and trans- 
mitted an appreciable proportion of the light falling on 
it ; this transmitted light then caused the second layer 
of cloth to fade and in time the third layer began to 
be affected, and so on. There was thus no need to 
postulate mysterious rays with special penetrating 
powers. The real culprit in the case was the very 
fugitive dye used on the cloth ; this escaped attention 
because, prior to the new lighting installation, the 
storeroom had only been illuminated intermittently, 
as required, by a few low-power filament lamps. 

In another example, also blamed on the quality of 
light from fluorescent tubes, a made-up article showed 
a very marked degree of fading on an area facing the 
light source. Test samples were exposed to daylight, 
tungsten filament lighting and fluorescent lighting at 
similar levels of illumination and again it was found 
that the light from the fluorescent lamps did not pro- 
duce any greater degree of fading than did tungsten 
filament lamps. However, in this instance it was 
certainly difficult to get anything like the degree of 
fading shown by the complainant’s sample. This 
anomaly was not completely resolved but one feature 
of the original sample provided a most suggestive 
clue. The thread used for stitching the hem of the 
cloth was a good colour match to the cloth on the 
unfaded area, but had retained its colour without fading 
in the regions where the cloth had faded badly. This 
is shown in fig. 5. It appeared likely that the dye used 
for the fabric was of the type in which photochemical 
effects were highly sensitive to humidity whereas the 
dye used on the thread was relatively insensitive to the 
degree of humidity. In this instance, therefore, the 
environment was probably the most important factor 
in producing the undesirable effect. 

Other similar examples could be cited but enough 
has been said to show that the lighting, although an 
essential factor in photochemical deterioration, is not 
necessarily the cause of abnormal behaviour ; unduly 
rapid deterioration is more likely to be associated with 
the peculiarities of the material or of the situation than 
with the qualities of any of the light sources used for 
general interior illumination. 


THE MUSEUM PROBLEM. 


With the great majority of the materials and articles 
which concern us, photochemical deterioration is by 
no means the greatest hazard to which they are sub- 
jected. Of dyed fabrics, window curtains—and pro- 
bably certain outdoor items such as awnings—are 
probably the only examples where photochemical 
deterioration takes a lead over “ fair wear and tear’. 
Unsatisfactory materials need not be tolerated ; they 
can be replaced by new ; fugitive dyes can be replaced 
by new types of increased fastness to light. 

There is one field, however, in which photochemical 
deterioration is a matter of outstanding importance— 
in the conservation of precious material in museums 
and art galleries. Here not only are other deteriorating 
influences reduced to an absolute minimum, but the 
requirement calls for the preservation, for an in- 
definite length of time, of many materials of relatively 
low photochemical stability. In this category are water- 
colours, prints, manuscripts, tapestries, costumes and a 
vast array of items of folk art or ethnological material 
which, because of the use of vegetable dyes and com- 
pounds, are particularly susceptible to damage. 

Within the last few years it has been suggested® 
that the introduction of fluorescent lighting in museums 
and art galleries has introduced a new hazard. Reduced 
to its simplest terms the argument ran thus : 

(1) Ultra-violet radiation is far more likely to 
cause photochemical deterioration than visible 
light ; the shorter the wavelength of the radia- 
tion, the greater is its potentiality for damage. 

(2) Examination of the spectra of fluorescent lamps 
shows some radiation from the mercury dis- 
charge at wavelengths as low as 0-29,. 

(42) Radiation from sunlight does not extend to 
wavelengths shorter than 0-30u or, indoors 
behind window glass, 0-32,. 

These suggestions were not supported by any 
quantitative values for the intensities of the various 
wavelengths in the ultra-violet spectra of fluorescent 
tubes, neither was there any experimental evidence 
available regarding the susceptibility of different 
materials to these various wavelengths. Nevertheless 
those in charge of museum material were justifiably 
impressed by the importance of this matter and, as a 
result of their concern, investigations were put in 
hand both in this country and in the United States. 
These studies still continue, but a number of important 
contributions have already been published in specialist 
journals.® * * 

The various lines of attack on the problem may be 
summarised briefly as : 

(1) To study the fading of some fugitive dyes and 
pigments when illuminated by a fluorescent 
lamp (a) with and (6) without the addition 
of a filter to remove ultra-violet radiation. 

(1) To obtain quantitative measurements of all 
visible and ultra-violet radiation emitted by 
a representative selection of fluorescent tubes. 

(ut) To study the fading of dyed materials and the 
tendering of fabrics when illuminated by 
monochromatic radiation of fixed intensity, 
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at various wavelengths in the visible and 
ultra-violet spectrum. 
ww) To assess the probable rate of damage of a 
hypothetical “museum object” under the 
various intensities and qualities of lighting 
likely to be met with in natural and artificial 
hghting practice. 

The first investigation in the above list was of a 
* stop-gap ” nature intended either to allay alarm or 
to suggest a remedy, according to the result obtained. 
In fact the result showed that the test samples faded at 
sensibly the same rate whether or not the ultra-violet 
radiation was absorbed by a filter before reaching the 
test samples. It was concluded that the fading was 
produced almost entirely by the visible light from the 
tube. This result is in agreement with what is now 
known about the spectrum of the tube and the likely 
wavelength susceptbility of fugitive materials ; at the 
uume it was a valuable practical demonstration and 
served to restore confidence. 

Many lamps have had their spectral characteristics 
measured. Table 3 gives the data for a typical fluores- 
cent tube. It may be noted that the lines at 0-302, and 
0-297, which were the cause of the original disquiet, 
amount to only about one three-thousandth part of the 
total visible light energy. It is clear that even if a 
material had several times the suscepubility to damage 
at these wavelengths as it has to visible light the effect 
of these particular ultra-violet radiations from a 
fluorescent tube is still insignificant. 

The fading and tendering tests under monochro- 
matic illumination are still proceeding. Results to date 
indicate, as expected, that the ultra-violet radiation 
down to wavelengths as short as 0-313. does not 
produce effects different in magnitude from those pro- 
duced by equal intensities of visible light. In certain 
samples the ultra-violet radiation can induce twice the 
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deterioration induced by an equal intensity of various 
visible wavelengths. In other samples, the converse is 
found. Taken in conjunction with the known propor- 
tiens of visible and ultra-violet radiation in various 
types of illumination, this is reassuring. 

The fourth study was undertaken by an investigating 
committee appointed by the Metropolitan Museum of 
Art in New York. As a basis they took the known 
photochemical deterioration wavelength characteristics 
of cellulose (low grade paper) and worked out the 
relative times to reach a given degree of deterioration 
under various practical intensities and types of illu- 
mination. The absolute scale of time was set by 
reference to some work carried out in Sweden in which 
a sample of tapestry exposed under clear glass to out- 
side sky and solar radiation was “ evaluated as indicat- 
ing definite deterioration in 0-425 years”. On this 
basis it was calculated that this “standard museum 
object’ would show this definite deterioration in an 
average daylighted museum gallery in from 6 to 18 
years, according to whether or not sun louvres were 
employed. Under average artificial lighting conditions, 
the corresponding figures are about 150 years for 
fluorescent tube sources and 650 years for tungsten 
lamp sources. This is, of course, an isolated hypo- 
thetical case in which the ultra-violet radiation 1s 
assumed to be more deleterious than the visible light 
(since the object—paper—is colourless). The Ameri- 
can report then goes on to point out that with coloured 
materials, the ultra-violet radiation from the illuminants 
will be of even less importance. One of the principal 
points brought out in this study is the great importance 
of illumination level, as distinct from spectral charac- 
teristics, as the operative factor in influencing the 
degree of photochemical damage. 

The results of these recent studies in the field of 
lighting as applied to conservation are consistent with 


TABLE 3. 


IRRADIATION (MICROWATTS SQ. CM.) AT 100 CM. DISTANCE FROM A TYPICAL 
40 WATT FLUORESCENT TUBE 





Wavelength 


Irradiation at 100 cm. distance from lamp 
BW cm.? 
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the important contribution from the dyestuffs field 
referred to earlier.‘ 


ACCELERATED FADING TESTS. 

In the textile, dyestuffs, paint and rubber industries, 
it is of particular importance to obtain as rapid an 
assessment as possible of the likely stability to light of 
new materials or new combinations of existing materials. 
The principal requirements are that the various factors 
which influence the result of the test, e.g. light intensity, 
spectral quality of the light, relative humidity, etc. 
should be as closely controlled as possible, and that a 
result should be obtained in a much shorter time than 
would be needed in normal service. Since normal 
service is often exposure to daylight at relatively high 
illumination levels, it is clear that the acceleration of 
this process is an exacting requirement. 

The greatest problem is naturally associated with the 
most stable materials—in the case of dyed fabrics the 
* fastest to light ’’—since these will require the highest 
irradiation to obtain a given degree of photochemical 
change. It has been mentioned earlier that recent work 
has shown that the most stable materials are, in the 
main, chiefly affected by radiation in the blue, violet 
and near ultra-violet regions of the spectrum. In 
consequence, light sources emitting very strongly in 
this region, such as the enclosed carbon-arc or some- 
times the high pressure mercury arc, are usually 
employed in apparatus for accelerated fading tests. 
The spectra of these two sources are included in fig. 
2 and 3. The carbon arc is of the type in which carbon 
electrodes are used in a glass enclosure so that the 
oxygen supply is extremely restricted. Under these 
conditions the main emission of radiation is the 
characteristic spectrum of the CN (cyanogen) radical 
which occurs in the violet and near ultra-violet with 
three peaks at wavelengths 0-415, 0-385, and 0-358.° 
The high pressure mercury arc emits powerful mono- 
chromatic radiations at 0-436, 0-405. and 0-365, in 
the same spectral region. 

It will be noted that the spectrum of this particular 
type of carbon arc bears little resemblance to that of 
sunlight. This could be a serious matter, tending to 
vitiate many test results, were it not that tests are 
always carried out on a comparative basis. For the 
testing of dyed textiles a series of standard patterns is 
available representing eight different grades of light 
fastness which cover the whole practical range. 
Samples of the appropriate standards are always 
included im the test with the unknowns and the test is 
continued until the degree of fading of the test sample 
is sufficient for it to be matched against that of one of 
the standard patterns. This gives a light fastness 
grading for the sample under test. 

In spite of the use of this “internal standard ” 
method, anomalous results are sometimes obtained 
when materials are tested in accelerated fading test 
equipment. The fastness grading so obtained may, in 
fact, differ appreciably from that obtained by exposing 
the same material against the standard patterns under 
daylight illumination. In some instances these dis- 
crepancies are believed to be a result of differences in 


the spectral sensitivity of the test sample and the 
standard with which it is compared ; more frequently, 
however, the environment in the test apparatus, 
particularly the relative humidity, is thought to be the 
chief cause of the differences between the daylight and 
artificial light tests. These difficulties have, so far, 
prevented the specification of a standard method of 
test using any artificial source of illumination. The 
only light fastness test to reach the status of a British 
Standard uses daylight illumination.’® A specialist 
committee of the Society of Dyers and Colourists has 
this matter constantly under review, including the 
possibility of using new types of artificial light source 
as they become available. 

In spite of occasional discrepancies, however, the use 
of fading test apparatus employing artificial light 
sources is quite widespread owing to the convenience of 
obtaining rapid results and the freedom from the 
vagaries of daylight illumination. 

The fact that discrepancies in light fastness testing 
are known to occur as a result of differences in spectral 
composition of different light sources even when the 
spectral range covered is approximately the same, 
emphasises the danger of using sources emitting 
radiation outside the wavelength range occurring in 
daylight. As mentioned earlier, the low pressure mer- 
cury arc in quartz is sometimes used for light fastness 
testing, but the very short-wavelength radiation 
emitted therefrom can produce chemical effects 
different in kind from the normal photo-oxidation 
processes ; the use of such sources should therefore be 
avoided. 


CONCLUSIONS. 

This article has done no more than touch upon 
certain aspects of only one field of photochemistry— 
that of the photo-oxidation of dyed textiles and 
related materials. 

In the field of artificial lighting none of the light 
sources now in general use has spectral qualities which 
introduce a risk of damage to materials any greater 
than that occurring with similar illumination levels of 
natural daylight. The much lower levels of artificial 
illumination make daylight by far the greatest hazard. 
Environmental factors and also the fastness grading of 
the material must be taken into consideration when 
investigating cases of alleged abnormal fading under 
artificial light. 

In the lighting of museums and art galleries, sug- 
gestions that fluorescent tubes might cause undue 
deterioration of materials, owing to the ultra-violet com- 
ponent of their radiation, have been shown to be with- 
out foundation. Qualitative studies have shown that 
many fugitive colouring matters are mainly faded by 
light in the visible region of the spectrum ; also that 
the ultra-violet radiation from fluorescent tubes has 
negligible intensity outside the spectral limits of day- 
light. The use of filters to remove the ultra-violet 
radiation from light sources would make only a small 
contribution to increased stability of materials. 

Accelerated fading tests using artificial light sources 
are a convenient aid to the assessment of new materials, 








but the results obtained may sometimes differ from 
those obtained in daylight exposures. These anomalies 
may someumes result from differences in the spectral 
composition of the artificial source and daylight, but 
are more often associated with some abnormal environ- 
mental condition in the test apparatus such as the 
relative humidity of the sample. Light sources emitting 
short-wavelength ultra-violet radiation, not present in 
daylight or in the light from normal types of electric 


lamp, are unsatisfactory for accelerated fading tests. 


New Machine 


Shop for 





A new machine shop devoted to the instruction of 
apprentices has been established at the Witton En- 
gineering Works. Occupying an area of 5,500 sq. ft., 
the shop is equipped with a selection of the most 
modern types of machine tools and is staffed by a 
team of instructors with long and varied practical 
production expemence. The school 1s designed 
to cater for a total of forty apprentices at a 
ume and to provide them with traiming in the 
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Apprentice Training 


fundamentals of general machine shop practice 
before they enter the production departments of 
the works. Courses of instruction include com- 
plementary lectures and the scheme is designed 
to supplement the Technical College courses which 
are an integral part of all G.E.C. apprenticeship 
schemes, affording an opportunity for prictical 
elucidation of the various questions which arise in 
previous college lectures. 











203 


A 62:5 MVA Hydro-Alternator 


for Norway 


By J. F. PRINCE and B. BONELL, M.1.Mech.£. 
Witton Engineering Works. 
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Fig. |.—62-5 MVA alternator, driven by an Escher-Wyss Pelton Wheel, at Aura power station, Norway. 


LTHOUGH Norway possesses no natural re- 
sources of coal or oil, it is fortunate in having 
vast reserves of water power, which, with a 
potential of over 20,000 MW, are claimed to be the 
largest in Europe. Since the war, development of 
these resources has progressed at an unprecedented 
rate, resulting in an availability of electric power which 
has transformed the whole nature of the country’s 
economy. 

From being concerned almost entirely with forestry, 
fishing and agriculture, Norway has become an 
industrial country. One of its major industries, the 
production of aluminium, owes its remarkable growth 
to cheap and plentiful supplies of electric power ; and 
aluminium is exported in large quantities at competi- 
tive prices although the bauxite has to be imported. 

For a new aluminium plant at Sunndalséra, a power 
station was built at Aura at the head of the Sunndals- 
fjord. It is constructed deep in the mountain side, 
the power station itself, together with the main switch- 


gear, transformer and control rooms having been 
blasted out of the solid rock. 

The reservoir and dam are high up in the mountains, 
water being carried by canal and long tunnel to the 
surge chamber and thence to the water turbines. The 
tunnel to carry the pipeline was hewn out of the 
solid rock at an angle of approximately 45 degrees to 
the vertical ; this tunnel is approximately 1,500 yd. 
long and in addition to carrying the pipelines for the 
water turbines in the station, it is equipped with a 
motor-driven hoist to transport both men and machin- 
ery to the upper workings. Windows in the walls of 
the generating room, combined with artificial lighting 
to simulate daylight, successfully give the illusion of 
open surroundings so that the station personnel are 
not made conscious of their subterranean situation. 

Power from the generating station is fed through 
twelve parallel 3-phase cables and overhead lines to the 
busbars in the aluminium works. From these busbars 
eight parallel circuits feed groups of rectifiers through 
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auto-transformers and rectifier transformers, the com- 
picte installation being arranged for 24-phase operation. 


GENERATING PLANI 


The contract for the manufacture and erection of a 
62:5 MVA alternator (fig. 1) was placed by the Nor- 
wegian State Power Company with The General 
Electric Company Limited through its Norwegian 
Agents—A S Elektrosalg. 

The 3-phase horizontal shaft alternator is totally 
enclosed, self-venulated and 1s designed for an output 
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STATOR. 


The stator is built in two halves and in view of the 
restricted headroom in the power station, it was neces- 
sary to design a special lifting beam for use during 
erection on site. The lifting beam is seen in use in 
fig. 4. 

The stator frame is a heavy fabricated structure, 
the two halves being bolted together by fitted bolts. 
The construction of the core follows standard practice, 
segmental stampings being secured by dovetailed keys 
bolted to longitudinal ribs within the frame. The 







































































Fig. 2.—Sectional view of alternator, exciter and governor generator. 


of 62°55 MVA, 0°85 to 0-95 power factor, at 12:3 kV 
> per cent., 50 cycles. It is driven at 428-6 r.p.m. 


by an Escher-Wyss Pelton Wheel working on a head of 


approximately 2,600 ft. The alternator bearings are 
designed to withstand the additional radial loads from 
the turbine runner, the water turbine bearing taking 
care of the hydraulic axial thrust from the turbine. 
The set 1s one of the largest horizontal shaft hydro- 
alternator sets im service on the Continent. The 
alternator alone weighs 320 tons, of which the rotor 
accounts for 170 tons, which incidentally 1s_ the 
heaviest erection lift. Transport difficulties enforced a 
weight limitation of 60 tons for any individual part, 
and this to a large extent dictated the mechanical 


construction of the alternator, a sectional view of 


which 1s shown in fig. 2. 

The alternator, main exciter and permanent-magnet 
governor generator are direct-coupled. The main 
excaiter field 1s normally controlled by an automatic 
voltage regulatung equipment. When the set 1s running 
on hand control this field 1s energised from the stanton 
batteries. 


stampings were produced from high-quality non- 
ageing silicon steel of low eddy current and hysterisis 
losses, and were accurately cut and slotted on precision 
presses. Any burrs produced during that operation 
were removed by grinding, after which the stampings 
were annealed and finally coated on one side with an 
insulating material. Additional insulation was intro- 
duced at intervals between packets of laminations as 
the core was built, while ventilating ducts were incor- 
porated to divide the core into sections to ensure 
effective cooling. The core is stepped at the ends to 
reduce flux fringing and consequent losses. 

The stator winding is of the two-layer diamond or 
basket type (fig. 3). Each slot accommodates two coil 
sides which are joined at the evolutes by brazing. 
Each half coil consists of a number of subconductors, 
insulated from each other by mucanite and suitably 
transposed to reduce eddy currents. 

Micafolium, bonded with a bitumastic varnish, was 
applied to the slot portion of the coil in the form of a 
continuous wrap by hot ironing. Subsequent treat- 
ment in a heated press consolidated the insulation into 
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a hard, seamless tube completely free from 
voids. A conducting sheath, moulded on to 
the outside of the slot insulation, is in direct 
contact with the stampings so that the formation 
of corona within the slot is eliminated. 

Insulation of the end windings comprises 
layers of glass-backed mica tape, bonded with a 
bitumastic varnish, each layer being hot- 
ironed into position. A specially constructed 
joint between the slot insulation and the 
taping of the end winding ensures that there is 
no loss of electrical strength at this point. The 
end windings are securely bound to insulated 
support rings, and blocks of insulated material 
are fitted between adjacent coils in such a 
manner that all coils are effectively supported 
against short-circuit stresses. 

The complete winding was treated with 
several coats of moisture-resisting synthetic 
resin varnish. 

Six thermo-couples, embedded in the stator, 
provide for remote indication of the temper- 
atures of the core and windings. 





Fig. 3.—Stator in course of winding. 





Fig. 4.—Erection of alternator on the test bed at Witton, snowing the lifting beam in use. 
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Fig. 5.—Machining the tee-slots in the rotor. 


ROTOR 


The body of the rotor is constructed to allow of its 
being shipped in two pieces, the stub shafts and the 
poles having been previously removed for transport. 

The rotor has been designed and tested in the works 
for an overspeed of 780 r.p.m. The diameter is 11 ft. 
tin. and the length 7 ft. 104 in., the moment of inertia 
being specified as GD*=880 TM*. Its general con- 
struction 1s shown in fig. 8. 
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Sixteen steel plates bolted together in two groups of 
eight form the two halves of the rotor body, and these, 
together with the two stub shafts, are secured by four- 
teen through bolts of special construction. 

The rotor has, machined through its length, 28 tee- 
slots (fig. 5), i.e. two tee-slots per pole, each pole 
being keyed in position by means of 12 taper keys 
accurately fitted throughout the length of the rotor. 
The poles are made up of steel stampings, held firmly 





Fig. 6.—Compilete pole and winding. 
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together by means of through bolts passing through 
the heavy forged end plates. Each pole winding 1s 
fabricated from flat copper strip, using dovetailed 
joints, brazed and ground to size, the construction 
being clearly shown in fig. 7. This method of coil 
building has the advantage that a number of turns can 
be made wider to provide a series of fins on the 
finished winding, thus affording additional cooling 
surface (fig. 6). Furthermore, the poles can be made 
without any appreciable radius on the corners, thus 
reducing the overall length of the mean turn. 

Resin-impregnated asbestos paper serves as the 
inter-turn insulation. The completed coil was con- 
solidated under heat and pressure to obviate any likeli- 
hood of subsequent movement of individual turns. 
The finished coil is insulated from the pole by syn- 
thetic resin-bonded asbestos boards and washers. 

Copper rods in the pole faces, connected together by 
duralumin rings, form the squirrel cage damping 
winding. 

The construction of the rotor poles is such that any 
pole can be withdrawn on to a removable platform 
provided for this purpose, without lifting the top half 
of the stator. 


VENTILATION. 


The cooling system forms a closed air circuit in 
which cool air is drawn from the alternator pit by two 
fabricated centrifugal fans, one at each end of the 
rotor. Air enters at each end of the machine and is 





Fig. 7.—Detail of the dovetail joints of the pole windings. 


discharged at the bottom of the stator casing. The 
warm air is cooled by a four-section cooler having a 
capacity of 96,000 cu. ft. of air per minute and capable 
of dissipating 1,200 kW. Thermo-couples in the inlet 
and outlet side of the cooler provide for remote tem- 
perature indication. 





Fig. 8.—Completed rotor arranged for static balancing. 
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BEARINGS 

The rotor is carried in two heavy-duty journal 
bearings. These bearings are designed to withstand 
external forces created by the Pelton Wheel, and further 
to deal momentarily with forces exerted by out-of- 
balance which might occur in the turbine. The 
bearings are lined with a special white metal, and in 
addition to oi] rings, are forced-lubricated, the flow 
through the bearings being such that the oil also acts 
as a cooling medium. Thermo-couples and thermo- 
meters are provided in the bearings for temperature 
indication, and a high-pressure oil feed is arranged to 
float the rotor on an oil film to facilitate starting from 
rest. In order to withstand the heavy forces which may 
be encountered, the bearing pedestals and caps are of 
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massive construction, being fabricated from heavy 
section steel plate. 


PRANSPORT. 

The alternator was shipped from the Alexandra 
Dock, Hull, to Sunndalséra (fig. 9) and was transported 
on to a heavy-duty wagon which enabled it to be drawn 
straight under the power station cranes for unloading 
and erection. 
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Fig. 9.—Unioading the bottom half of the alternator stator from the S.S. Atle Jari 
on its arrival at Sunndaisora. 

















tee 





Electrical EKquipment of a Textile Mill 


By Alan L. PAGET, B.se., a.c.G.t. 


ANCASHIRE is traditionally the home of the 
textile industry and during the last century and 
the early decades of the present century enjoyed 

a virtual monopoly in this field. In recent years it 
has had to face increasing competition from abroad, 
which, it is generally agreed, can be successfully 
countered only by a comprehensive scheme of moderni- 
sation and re-equipment. It is not too much to say 
that the very survival of the industry may depend upon 
the thoroughness and despatch with which this is 
carried out. Here, as in other branches of 
industry, the introduction of elec- 
tricity has been one of the most 
important factors in promoting the 
desired improvement in efficiency. 
Much electrical equipment has been 


designed to meet the specific needs of A 
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the textile industry, and in operation, 
ease of control and convenience has 
amply demonstrated its suitability 
for the purpose. For example, the 
supersession of the steam engine, with 
the vast amount of room required 
for the boiler house, engine room 
and rope race, has resulted in a 
valuable saving of space, while the 
application of individual drive, where- 
ever possible, has minimised shut- 
downs and added greatly to safe 
working. 

Adequate illumination has also 
done much to improve working con- 
ditions, in particular the various 
fluorescent tubes which provide 
shadowless light of a quality closely 
approximating to that of daylight, 
and the special tubes used for colour 
matching. Other amenities conducive 
to the comfort of the operators include 
heating, ventilation and the main- 
tenance of the proper degree of 
humudity. 

In this article the operation of an 
important textile mill in Lancashire 
will be considered in some detail and a 
description given of the electrical 


a 





Fig. |.—A patterned brocade being woven on a jacquard loom. The batch of 


equipment supplied by the G.E.C. for its modernisa- 
tion. 


OPERATION OF THE MILL. 

The mull is engaged in producing high-quality 
patterned brocades and fancy furnishing fabrics on 
Jacquard looms in spun or filament rayons and cotton 
yarn in a very wide range of colours (fig. 1). 

It may be helpful, at the outset, to remind the 
reader that the longitudinal strands in a woven fabric 
constitute the warp and the transverse yarn, carried in 
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cards can be seen above the machine. 
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the shuttic, the weft. The raw cotton yarn for the weft 
is received from the spinning mulls in the form of mule 
cops, ring tubes or cones As the names imply, the 
mule cop, which is the softer yarn, is produced on a 
spinning mule, while the ring tube comes from a ring 
spinning frame. Cotton yarn 1s measured by the weight 
of a standard length of 840 yards. The coarsest yarn is 
one of this length which weighs | Ib. and is known as 
one’s count. When two standard lengths together 
weigh | Ib., the yarn is 2’s count. Coarse spinning 
includes yarn up to 12’s count, medium from 12’s to 
40's count. Anything higher than this is classified 
as fine yarn. A good quality poplin, for instance, may 
be woven from two-folds-100, that 1s, a doubled yarn 
comprising two 100’s yarns twisted together. 

The incoming yarn for the weft goes first to the 
winding room (fig. 3) where by means of a pirn winding 
machine it 1s wound on to a wooden or paper tube, 
known as a pirn, which goes later into the shuttle on 
the loom. The process of winding serves to break out 
weak places in the yarn which can then be pieced up, 
or joined, thus yielding the maximum Iength of per- 
fect yarn for use in the shuttle. 

hig. 2 gives a good idea of the first stages in the 
preparation of the warp. The framework, or creel as it 
is called, which can be seen behind the machine, 
carries anything up to 500 “ends”, or warper’s 
bobbins, from which the yarn 1s wound off on to the 
warper's beam. Means are provided to maintain the 
correct tension and separation and the operator 1s 
constantly on the alert to piece up any break in the 


T Fig. 3.—An operator piecing up a broken yarn on a pirn winding 
yarn. The yarn has next to pass through the taping, in 
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Fig. 2.—Winding from the cree! on to the warper's beam. 











ELECTRICAL EQUIPMENT OF A TEXTILE MILL 211 





Fig. 4.—The taping machine : yarn being sized and wound on to the weaver's beam. 


Any minor faults, which would mostly 
pass undetected by any but an expert 
eye, are carefully made good by hand. 
The fabric then passes to the plaiting 
machine where the length is auto- 
matically recorded and the material 
folded for storage or despatch as may 
be required. 





ELECTRICAL EQUIPMENT. 

The supply of electricity for the 
operation of the mill is taken from the 
Central Electricity Authority’s high- 
tension incoming line at 66 kV 
and is stepped down to 433 volts by 
two 500 kVA transformers (fig. 10) in 
the outdoor substation. The low- 
voltage supply is carried by under- 
ground cable to the Switch Room 
from where it is distributed on a 
three-phase, four-wire system by six 
industrial pedestal type oil switches. 
Four of these switches control the 
low tension supply to the Weaving 


or sizing, machine (fig. 4) in which it is first coated Shed, each feeding a 9-way underfloor fuseboard from 
with hot size and then passes through the drying oven. which further groups of individual three-phase floor 


It is then cooled and wound on to the 
weaver’s beam which in turn goes on 
to the loom for weaving the finished 
article. In the illustration the yarn is 
seen entering the taping machine at 
the far end, passing over rollers in the 
enclosed oven and finally being 
wound on to the weavers beam 
at the extreme right. The process 
of sizing serves to give a very 
smooth surface to the warp and thus 
to prevent any possibility of fraying 
or similar damage occurring, as the 
wear and tear involved in weaving is 
considerable. 

The Jacquard looms upon which 
the fabrics are woven are designed to 
take the various patterns in the form 
of punched cards which are somewhat 
similar in conception to the per- 
forated paper rolls used in a pianola. 
The plain or coloured design is 
accurately marked out in squares and 
later tramsterred to the cards, which 
are cut on a special machine and 
sewn up in batches for use on the 
loom. These cards can be clearly 
seen above the loom in fig. 1. 

As soon as it is finished, the woven 
fabric is taken into the Inspection 
Room where a very careful check is 
made on the accuracy of the pattern 
and the perfection of the weaving. 
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Fig. 5.—Part of the Weaving Shed, showing a 9-way underfloor fuseboard uncovered. 





type fuseboards (fg. 5), fed by a continuous 

cable, cach supply power to four or six looms, 
may be required. In all, 754 looms are 

supplied from approximately 125 boards. 

The looms are individually driven through 
short centre multiple V-belt drives by | h.p. 
415 volt, three-phase, squirrel cage induction 
motors running at 960 r.p.m. (fig. 5 and 6). 
The motors have direct-to-line starters, cach 
controlled by a loom pilot switch operated by 
the loom starting handle. The switch 1s so 
designed that, in the event of a power failure, 
the loom will not subsequently start up of its 
own accord, but must be restarted from the 
loom handle by the operator. The remaining 
fuseways on the 9-way board supply subsidiary 
fuseboards which, in turn, provide current 
for the fluorescent lighting, radiator fans, 
extraction fans and humidifiers. Each of these 
boards can be disconnected when desired by a 
triple pole isolating switch. 

Power for the Winding Room is supplied by a 
9-way underfloor fuseboard, as in the Weaving 
Shed, and is distributed to a number of sub- 
sidiary boards feeding the pirn winding 
machines, the lighting circuits, radiator fans, 
vacuum plant and plaiting machine. There are 
53 pirn winders, each individually belt driven 
by a {§ h.p., 415 volt, three-phase squirrel 
cage motor running at 750 r.p.m. and con- 
trolled by a push-button operated direct-to- 
line starter, one of which ts seen in fig. 3. 
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Fig 


}.—Generol view of the fluorescent lighting in the Weaving Shed. 
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The card cutting and sewing machines being situated 
next to each other are conveniently belt driven from 
line shafting by a 5 h.p. squirrel cage induction motor. 
The plaiting machines are driven by 4$ h.p. geared 
motors. 

Power is also supplied from the Switch Room for 
heating the boardroom and offices and to provide 
fluorescent and tungsten lighting both there and in the 
corridors. A supply is also provided for the electricians’ 
shop, warehouse and pump room. 


LIGHTING. 

Mention has already been made of the importance of 
adequate lighting both in respect of efficient produc- 
tion and for the comfort of the operatives. For this 
reason an abundance of light has been provided 
throughout the mill, mostly in the form of fluorescent 
tubes on account of the even, shadowless light which 
they afford. Altogether more than 1,000 fluorescent 
tubes are installed in addition to tungsten lamps where 
these have been considered suitable. 

In the Weaving Shed there are over 900 5 ft. 80 
watt tubes suspended directly above the looms in 
trough reflectors. A general view of the lighting down 
one of the main aisles in the Weaving Shed is shown 
in fig. 7. Lighting trunking is used in the Winding 
Room, which is illuminated by 168 80-watt fluorescent 
tubes mounted in pairs in overhead trough reflectors, 
each row accommodating 16 tubes. Thirty-six tung- : 
sten lamps of various ratings from 100 to 200 watts are Fig. 9.—Matching pirns under the light provided by a twin-tube 
also installed. Some idea of the excellent illumination cold cathode colour matching unit. 
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Fig. 8.—Lighting trunking installation in the Winding Room. 
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afforded can be gained from a gencral view of the 
installation shown in fig. 8. The even distribution of 
light throughout the whole room and the complete 
absence of shadow are particularly noticeable. 

In addition to the general lighting, a twin cold 
cathode colour matching unit of a total rating of 400 
watts is provided for the important task of sorting 
and matching the wound pirns as they come from the 
winding machines (fig. 9). 

In conclusion it may be said that the re-equipment 
of this mill along the most up-to-date lines, both as 
regards power and lighting, has done much to enable 





OCTOBER, 1956 


the owners to compete successfully in the home and 
export markets in the production of quality fabrics of 
the highest class. 

W. J. Furse & Co. (Manchester) Ltd. acted as 
contractor for the entire electrical installation ; the 
architects were Bradshaw, Gass & Hope, of Bolton. 
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Fig. 10.—Two S00 kVA, 6-6 kV 433 volt outdoor type transformers in the substation. 
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A digest of recent articles and papers by members 


of the G.E.C. and 


ELECTRICAL AND OPTICAL PROPERTIES OF A 
SEMICONDUCTING DIAMOND (652).* 


By L. G. Austin and R. Wolfe (Research Laboratories). 
Proceedings of the Physical Society, B, Vol. 69, pp. 329-338, 
March, 1956. 

The electrical resistivity and Hall coefficient of a semi- 
conducting diamond (Type IIb) have been measured be- 


tween 100 deg. C. and 600 deg. C. using standard d.c. 
methods. The diamond behaves like a normal p-type semi- 
conductor. At 20 deg. C. its resistivity is 270 ohm-cm. and 


the Hall mobility of the holes is 1550 + 150 cm.*volt-'sec.-!. 
Near this temperature the mobility varies approximately as 
T-3"2, The activation energy of the acceptors is 0-38eV. It 
1s suggested that these acceptors are impurity atoms and that 
the total concentration of impurities is smaller in Type IIb 
diamonds than in other diamonds. 

The infra-red absorption spectrum of this diamond is 
typical of Type II diamonds but it shows an additional 
prominent peak at 3-57u, smaller peaks at 4-1, 3-4u and 2-5u, 
and a continuum of absorption in the range 1 to 2-5u. This 
extra absorption is reversibly temperature dependent. The 
intensity decreases with increasing temperature and the 
peaks are undetectable above 300 deg. C. 

At -155 deg. C., photocurrents of the order of 10-% amp. 
have been detected in the wavelength range 0-9u to 3-6u. 
A tentative model is proposed to relate this photoconductivity 
and the major absorption peak to the mechanism of con- 
duction. 


THE MECHANISM OF PULSE TEMPERATURE RISE 
ON THE SURFACE OF THERMIONIC CATHODES 
(656).* 


By R. Dehn (Research Laboratories). 


British Journal of Applied Physics, Vol. 
June, 1956. 


During the operation of high- and medium-power pulsed 
magnetrons, spontaneous fluctuations were observed in the 
surface temperature of the cathode, during the application of 
the pulse. On investigation of this effect it appeared that the 
pulse temperature rise was not due to electron bombardment 
of the cathode as previously assumed. It seems probable 
that the effect is caused by resistive heating as current 
passes through a thin layer of high resistivity at the cathode 
surface. The existence of such a layer is confirmed by the 
findings of other investigators. 


7, pp. 210-214, 


A NEW METHOD FOR THE MEASUREMENT OF 


RAPID FLUCTUATIONS OF TEMPERATURE (657).* 
By R. Dehn (Research Laboratories). 
British Journal of Applied Physics, Vol. 7, pp. 144-148, 


April, 1956. 


The method described uses a photomultiplier in con- 
junction with an infra-red image converter to measure 
changes in surface temperature of the cathode of an oscillating 
magnetron during microsecond pulses. 

These instantaneous changes in temperature are dis- 
played as pulses on the screen of a cathode-ray oscillograph. 
The procedure is given for calibrating the apparatus against an 


its 


associated compamies 


optical pyrometer. Changes as small as 2 deg. C. in 800-900 
deg. C. have been detected (solid angle equals 2°5 = 10-3 
steradians ). 


RECENT DEVELOPMENTS IN) PHOTOMETRY AND 
COLORIMETRY (664).* 


By G. T. Winch (Research Laboratories). 


Transactions of the Illuminating Engineering Society (London), 
Vol. 21, No. 5, pp. 91-107, 1956. 


New tungsten filament secondary standard lamps are 
described and also tubular fluorescent secondary standards 
which, when used in an international photometric and colori- 
metric interchange, showed good agreement on measure- 
ments. Possible improved fu ture changes in the C.L.E. 
data and the effect these may have on photometric and colori- 
metric values are indicated. New developments in physical 
photometry and colorimetry are described, including pre- 
liminary experience with photon counting techniques as a 
means of increasing sensitivity. Improved photometric 
integrator paint is described, as this is now necessary in 
order to meet the new accuracy requirements. Brief reference 
is made to colour-rendering properties of light sources in 
connection with attempts to relate this subjective effect 
with objective measurements. The future possibility of 
applying ultrasonic modulation to colour measurement is 
indicated. 


STRUCTURE AND PHASE TRANSITIONS OF FERRO- 
ELECTRIC SODIUM-CADMIUM NIOBATES (671).* 


By B. Lewis and E. A. D. White (Research Labora- 
tories). 


Journal of Electronics, Vol. 1, pp. 646-664, May, 1956. 


A study of the electrical properties and structure of ceramic 
specimens has shown that sodium-cadmium niobates form 
single phase solid solutions of the perovskite type. The 
cadmium niobate enters into solid solution as CdNb,.O, 
rather than in the more familiar form of Cd,Nb,O, ; pairs of 
sodium atoms in the NaNbO, lattice are replaced by one 
cadmium atom and one vacancy up to the composition with 
Na : Cd: vacancy in the ratio 6: 1: 1. Beyond this limit a 
second phase, either Cd,Nb,O; or CdNb,O, is always pre- 
sent. In the solid solution region a new tetragonal phase is 
introduced below the Curie temperature and ferroelectric 
properties are observed in this phase and in the orthorhombic 
phase which is displaced to lower temperatures. Super- 
lattice effects indicate that throughout the solid solution 
range the structure cell is multiple compared with the 
simple perovskite cell. The ferroelectric properties are 
associated with a doubled unit cell, whereas antiferroelectric 
sodium niobate has a quadrupled cell. By observation 
of the superlattice lines which distinguish these multiple 
structure cells it has been possible to establish that 
for certain compositions, of fairly low cadmium niobate 
concentration, and in certain temperature regions, the ferro- 
electric and antiferroelectric structures coexist within the 
perovskite lattice. In this condition the properties are weakly 
ferroelectric. With increasing cadmium niobate content the 
proportion of antiferroelectric substructure decreases until 
the material is fully ferroelectric. 





G.E.C. JOURNAL 


[HE STOCHIOMETRY OF INTERMETALLIC SEMI- 
CONDUCTORS (673).* 


By R. ]. Hodgkinson Kesearch Laboratories). 
|, pp. 612-624, May, 1956. 


Phe effects of small concentrations of point defects on the 
free energy of a crystal of formula AB are discussed. It is 
oncluded that the maximum melting point of the com- 
pound does not occur at the composition corresponding 
exactly to the formula AB. The type of phase diagram arising 
from this fact is derived, and its practical consequences 
discussed. Some experimental evidence, derived from the 
literature, is Quoted to support the conclusions of this paper. 
In an appendix, it is shown that a crystal which is heat- 
treated in presence of its vapour will not necessarily have 
the sarmne concentration of defects as a crystal of the same 
composition grown from the melt at the same temperature. 
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IMPREGNATED BARILM DISPENSER CATHODES 
CONTAINING STRONTIUM OR CALCIUM OXIDE. 


By |. Brodie and R. O. Jenkins ‘Research Laboratories). 
, Vol. 27, pp. 417-418, April, 1956, 


Investigations have been made by the writers into the 
effects of the addition of calclum oxide and strontium oxide 
to barium silicate and aluminate impregnants for dispenscer- 
type cathodes. Addition of calcium oxide to barium silicate 
was found to give considerably enhanced emussion, but an 
even more interesting observation was its effect on the life of 
the cathode. After the addition of calcium oxide, cathodes have 
ived for 5,000 hr. running at 1,270 deg. K. with an emission 
density of 1-5 amp. cm.*. Strontium oxide played a simular 
but considerably less effective réle during life. The increase 
of ermssion caused by adding calcium oxide to barium 
aluminates was even more marked than in the case of the 
uhicate. Life tests on cathodes with various proportions of 
CaO added to basic and cutelic aluminates are still in pro- 
gress with cathode temperatures of 1,200 deg. K. approx. and 
iS amp. cm.* cmission 
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ISOLATORS FOR VERY HIGH VOLTAGES 


By C. ]. O. Garrard and D. A. Muret ‘Witton Engineer- 
ing Works). 


Electrical Rewew, Vol. 158, pp. 421-425, March 23, 1956. 


[his article reviews practice in the construction of high- 
voltage isolators in several countnes, and includes diagrams 
of five basic types. The standard design for the 275 kV super- 
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grid of the C.E.A. and its system of hydraulic power opera- 
tion are described. Insulator and contact design are also 
discussed, and a comparison is made between the relative 
advantages from the manufacturer’s and the user’s points 
of view of the cap and pin and the cylindrical types of 
insulators. 


ROTARY PRINTING PRESSES 
AND EQUIPMENT. 


By F. W. Ralph (Witton-James Ltd.). 
Electrical Review, Vol. 158, pp. 207-211, February 10, 1956. 


DRIVING METHODS 


The author discusses the various types of variable-speed 
a.c. motors used for printing press drives and shows how the 
critical requirements of the modern press, coupled with the 
general desire for higher efficiency and minimum complica- 
tion, have now led to the d.c. drive supplied through rectifiers 
becoming virtually standard equipment in many offices. 
With such a system the wide range of speed control makes 
separate inching or barring motors unnecessary. A descrip- 
tion is given of a typical drive with grid-controlled single- 
anode rectifiers providing a variable armature voltage for the 
press motors, and separate field excitation from a self- 
excited magnetic amplifier comprising a transductor and 
selenium rectifiers. 


OVERHEAD CURRENT COLLECTORS FOR ELECTRIC 
FRACTION. 


By E. H. Croft (Witton Engineering Works). 


The Railway Gazette, Vol. 104, pp. 375-6, May 18, 1956 ; 
and Vol. 104, pp. 412-414, May 25, 1956. 


In the first part of this article the design problems of 
pantographs giving line-contact collection are considered and 
an arrangement is described and illustrated of a typical 
collector with which experience has shown that “ dig-in ” 
and reaction are reduced to completely acceptable values. 
Part 2 suggests directions in which existing practice could be 
modified to suit higher operating speeds. Details are given 
of measures for increasing rigidity of the pantograph structure 
in the direction of motion and transversely. 


* A limited number of reprints is available of those 
papers marked with an asterisk. Copies may be ob- 
tained on application to the Editor, G.E.C. Journal, 
Magnet House, Kingsway, W.C.2. 





. 


av i a" 
A Mingetdes, 


ayes 
Spgs 





